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Summary
The signal processing requirements of op tical f ib re  sensors 
have been examined and a range of integrated op tica l processing 
systems on lithium  niobate substra tes considered. Requirements on 
the constituen t components o f the system have been analysed. I t  
was found tha t mode f i l t e r s  with extinction  ra tio s  of 60dB were 
req u ire d  for Mach-Zender in te r fe ro m e te rs  and fo r sh o r t- te rm  
gyroscopes, w ith the f ig u re  in c re as in g  to 90dB fo r  i n e r t i a l  
single-pass systems. Couplers were required to be stab le  and have 
as low an insertion  loss as possible . A need for a new processing 
scheme for single fib re  polar im etric  sensors was id en tified .
The phenomenon o f su rfa c e  plasm a wave TM a tte n u a t io n  
resonance was examined, and the p roperties of the various surface 
waves which could propagate along the su rface  of a th in  m etal 
f ilm  examined. These c o n s id e ra tio n s  were used to  d e sig n  m eta l 
clad s tr ip e  waveguide p o la rise rs  using s ilicon  monoxide/aluminium 
claddings. Extinction ra tio s  of up to  80+13dB with excess lo sses 
of 2±3dB were measured for an individual device, and methods for 
the measurement of such high ra t io s  examined. These re su lts  were 
shown to  be b e t t e r  th an  any re p o r te d  in  th e  l i t e r a t u r e .  
E x tra p o la tio n  of such r e s u l t s  to  y ie ld  e x tin c t io n  r a t i o s  
normalised with respect to length has been shown to be invalid . 
Attempts a t  excitation  of the short-range surface plasmon using 
waveguide geometries have been unsuccesful to date, but are shown 
to o ffe r g reatly  enhanced ex tinc tion  ra tio s  or sho rte r devices. 
Other applications of a v a rie ty  of surface plasma waves have been 
considered.
The design  of waveguide p o la r i s e r s  using pro ton  exchanged 
se c tio n s  was considered and a novel geometry proposed. Due to  
fundameital lim its  of the devices and experimental considerations 
i t  was not possible to produce p o la rise rs  with su ff ic ie n tly  high 
ex tinc tion  ra tio  and low excess lo ss.
A device to enable e f f ic ie n t  coupling between single-m ode 
o p t ic a l  f ib re s  and in te g ra te d  s t r ip e  guides was designed and 
developed. The device used ion-m illed grooves in lith ium  niobate 
to  lo c a te  the f ib re s .  A lo s s  o f 2.6dB was determ ined fo r the 
dev ice w ith  a p ro jec ted  lo s s  o f 1.8dB for the same dev ice  using 
index matching f lu id . The dev ice  would be s u i ta b le  fo r mass
production, but further work i s  necessary to reduce the losses to 
acceptable lim its .
The use of f ie ld  overlap calculations to evaluate coupling 
losses due to waveguide d is s im ila r tie s  has been investigated. The 
method has been shown to be su itab le  for the optim isation  of the 
w aveguide p a ra m e te rs  b u t  i s  no t g e n e r a l ly  a c c u ra te .  An 
e x p e r im e n ta l  system  to  e v a lu a te  th e  i n t e g r a l s  h a s  been 
demonstrated and the re s u lts  obtained validated. The method has 
been shown to  be a u s e f u l  to o l  fo r  d e s ig n  o f  in t e g r a t e d  
o p tic a l/f ib re  op tical systems. Other applications of the recorded 
data have been considered, but further work is  necessary before 
refrac tive  index d is tr ib u tio n s  may succesfully  be reconstructed 
from the f ie ld  p r o f i le s .  The use of the d a ta  in  o p tim is in g  the 
design of e lec tro -op tic  guided wave modulators is  proposed.
A novel d e te c tio n  and s ig n a l p rocessing  scheme has been 
proposed for the s in g le  f ib r e  p o la r im e tr ic  senso r. The system  
o p e ra te s  in  a closed  loop co n fig u ra tio n  and uses d i f f e r e n t  
op tical frequencies in the two eigenmodes. The system  re q u ire s  
two orthogonal p o la r i s e r s  and a frequency sh if te r  operating on 
one mode. The requirements on integrated o p tica l components for 
an implemoitation of such a system have been analysed. Frequency 
sh if te rs  have been reported in the l ite ra tu re  with su ff ic ie n tly  
high perform ance, and T E -p o la rise rs  have been dem onstrated  in 
t h i s  th e s is  w ith  the  r e q u is i t e  perform ance. Edge p o lish in g  has 
been ^own to be an unsuitable technique for the feb rica tion  of 
TM-like mode f i l t e r s ,  but a novel geometry using ion m illing  to 
produce a v e rtic a l wall in the crystal has been demonstrated. The 
ec tic tio n  ra tio  was measured to be 17+^B while the associated 
excess lo ss  was 7+3dB. Although these va lues p rec lude  the 
in c lu sio n  o f the dev ice  in  the proposed system , they  are 
important as they enable the TM-like modes to be selected . I t  is  
shown th a t  the  dev ices would be u se fu l fo r o th er system s 
in c o rp o ra t in g  phase m o d u la to rs  on Z -cu t LiNbOg. O ther 
implementations, including a l l - f i b r e  v e rs io n s , o f the  proposed 
system have been considered, but are unlikely to offer comparable 
dynamic range.
A number of suggestions have been offered for work based on 
the contents of th is  th e s is .
Chapter 1 The T^ppication o f In tegrated  O ptical D evices and 
Systems to Optical Fibre Sensors 
1.1. Introduction.
O p tica l f ib re  sensors have been under in v e s tig a tio n  fo r 
approx im ate ly  10 y ears, and have now reached the s tag e  o f  
commercial a v a ila b ility , with several companies now marketing a 
range of simple sensor types (ref 1). Much commercial development 
is  tak in g  p lace  to r e a l is e  the  p o te n t ia l ly  h igh  s e n s i t iv i ty  o f 
these sensors (ref 2).
Although there are many types of op tica l fib re  sensor, they 
a l l  o f fe r  s ig n if ic a n t  advantages in  some asp ec t o f th e i r  
performance over their conventional counterparts (ref 3). Among 
th e ir  p o ten tia l advantages are high s e n s it iv ity  compared to th e ir  
c o n v e n tio n a l  c o u n te r p a r t s ,  im m unity  to  e le c t ro m a g n e tic  
in te r fe re n c e , and the a b i l i t y  to  d e te c t  the  q u a n tity  to  be 
measured remotely (ref 4). The range of physical properties so 
fa r  measured includes tem pera tu re  ( re f  5 ,6 ,7 ,8 ), a co u stic  
p r e s s u r e  ( r e f  9 ,1 0 ), r o t a t i o n  r a t e  ( r e f  11,12,13,14,15), 
d isp lacem en t ( re f  17), chem ical com position  (re f  19), r a te  o f 
flow of liq u id s , s tra in  (ref 20,21), magnetic f ie ld  (ref 22,23), 
e l e c t r i c  f i e ld  (re f  24), v o ltag e  and c u r re n t  (re f  25,26). The 
sensors have even found applications in c lin ic a l  monitoring (ref 
27)
The sensors may be divided into two broad categories; those 
in which the  param eter to  be measured a f f e c ts  the  l ig h t  
e x te rn a l ly  to  the f ib re  (the f ib re  then  sim ply  serv ing  to  
t r a n s fe r  th e  l ig h t  to the sensing  region) , and those in which 
the tra n sd u c tio n  takes p lace in te rn a l ly .  Both o ffe r  the g re a t  
advantage over normal optical sensors th a t the sensing region may 
be remote from the detecting region, the d istance being lim ited 
by the  a tte n u a tio n  of the f ib re  , th e  s e n s i t iv i ty  o f the  
detection  equipment used, and the se n s it iv ity  of the non-sensing 
lead s  to  e x te rn a l p e rtu rb a tio n s . However, th e  most s e n s i t iv e  
devices generally  rely  on in te rnal transduction.
E x c e lle n t reviews of o p t ic a l  f ib re  sen so rs  are  given in  
re fe re n c e s  (re fs  1 ,2 ,3 ,4 ,9 ,10 ,11). For the  purposes of th i s  
d isc u ss io n  i t  w il l  be necessary  to  re-exam ine some of the
reported sensor types.
1.2 Multimode sensors
From the po in t o f view o f a lignm ent o f components and 
s im p lic i ty  o f c o n s tru c tio n , combined w ith  low c o s t ,  sen so rs  
fa b r ic a te d  from multimode o p t ic a l  f ib r e s  ( re f  28) appear 
a t t r a c t i v e .  W ithin th is  c a teg o ry  th e re  are two broad sub­
d iv is io n s ,  d is tin g u ish in g  those system s in  which the  l ig h t  i s  
a f fe c te d  e x te rn a lly  to the  f ib r e s  from those in which i t  tak es 
p la c e  in ternally .
1.2.1 External modulation
Multimode optical fib res  may be used to modify previously 
dem onstrated  o p tic a l  sen so rs , co n fe rin g  upon them the  added 
b e n e f i ts  of sim ple alignm ent and rem ote sensing . W ithin th is  
c a teg o ry  l i e  sim ple in te n s i ty  m odulation schemes, includ ing  
balanced detection schemes (ref 29). Another example is  the a l l ­
f ib re  Michel son interferom eter shown in figure 1.
Alignment of a bulk op tical in terferom eter is  a time-consuming 
process, the fibre arrangement o ffering  considerable advantages. 
I f ,  in s tea d  of m erely r e f le c t in g  the l ig h t  in the ap p ro p ria te  
arm, one miror is  moved a t a c e rta in  ve loc ity , as shown in figure 
1, a Doppler s h i f t  of the  beam by a frequency re la te d  to  the 
v e lo c ity  w ill resu lt. Each speckle in the fa r-f ie ld  in terference 
p a t te r n  (re f 30) w il l  then co n ta in  in fo rm ation  on the o u t-o f­
p lan e  v ib ra tio n . B ristow  (re f  30), and Ueha (re f  18 ) have used 
tJhe technique to detect displacements as small as O.lum a t 0.6328 
micron wavelength. However, alignment of m irrors with respect to  
the f ib re  oid-fece presents experimental d if f ic u lt ie s .
1.3 Internal modulation- the Fibredyne system
Perhaps the sim plest fib re  sensor system is  the "fibredyne" 
system  (re f 31). A s in g le  len g th  o f multimode f ib re  i s  used as 
the sensing element, coherent l ig h t  being input so as to excite 
a l l  th e  modes of the f ib re .  Each mode w ill  then su f fe r  a 
d i f f e r in g  phase delay  according to  the t r a n s i t  tim e fo r the 
f ib r e ,  the  r e la t iv e  delay  being g re a te r  for a s te p  ra th e r  than 
fo r  a g rad ie n t index f ib re  . The r e s u l ta n t  f a r - f i e ld  speckle 
p a tte rn  is  then determined by the sp a tia l and temporal va ria tions 
between the modes (ref 32). I f  some external influence is  allowed 
to  a f f e c t  the propagation c o n s ta n ts  o f th e  modes to  d if f e r in g
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FIG 1 A SIMPLE MULTIMODE OPTICAL FIBRE 
IMPLEMENTATION OF A MICHELSON INTERFEROMETER 
USING EXTERNAL MODULATION. TO MEASURE 
AMPLITUDE OF VIBRATION OF A REMOTE OBJECT
ex ten ts , the ^ « t i a l  d is tr ib u tio n  of the speckle pattern  w ill be 
a l t e r e d .  S ince  th e  t o t a l  power w i l l  to  a f i r s t  o rd e r  be 
unchanged, i t  is  necessary to se le c t a small area, generally  one 
sp eck le , to  ob tain  the  d e s ire d  in fo rm ation  concerning th e  
in flu e n c e . Although the ou tp u t i s  a non linear func tion  o f the  
influence, and rather worse, non-linear in a non predictable way 
by v i r tu e  of the Rayleigh phasor d i s t r ib u t io n ,  the  system  is  
inherently  simple. Although the s e n s it iv ity  is  lower than th a t of 
the b e s t single-m ode d e v ic es , no r e s t r i c t i o n  of the se le c te d  
modes is  imposed. Coherent (ie heterodyne or hcmodyne) detection  
techn iques may be used to  e lim in a te  problem s a sso c ia ted  w ith 
signal fading (ref 31)
1.4 Single Mode Sensors
The g reatest se n s itiv ity  is  in general offered by the use of 
single-m ode f ib re s ,  and the  m a jo r ity  o f reported  senso rs have 
used such fib res.
1.4.1 The Mach-Zender configuration
A w idely reported  technique i s  the  Mach-Zehnder sensing  
c o n f ig u r a t io n .  Such sy s te m s  have been used to  m easure 
temperature, pressure, magnetic f i e ld  (w ith some m od ifica tion ) 
and a wide range of other parameters with high sen s itiv ity . The 
standard  experim ental arrangem ent i s  shown in f ig u re  2. A 
co h eren t input beam is  d iv id e d , id e a l ly  equally , between two 
fib res  by e ither a bulk or guided wave op tical beam splitter. The 
lig h t then propagates through both arms, one of vhich is  exposed 
to some ex te rn a l in fluence  which s h a l l  be re fe rred  to  as X. I f  
the p^ase delays of the two beams a re  (neglecting tem poral 
v a r ia tio n s )  e^4  and e ^ 4  then th e  r e s u l t in g  in te n s i ty  , upon 
recombination, i f  powers Pq are launched into each beam is :
P =  Po ( l  C O s ( X i“*
1.1
I f  the reference arm is  to ta l ly  iso la ted  fron the influence (a 
s itu a tio n  d if f ic u lt  to rea lise  in practice) then for a change in 
influence 2%X one may w rite:
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8where the f i r s t  term is  generally larger (ref 22 ). kg represents 
the free-space wavevector, n the mode-index of the f ib re  (ref 34) 
and L th e  len g th  o f the sensing reg ion . I t  i s  seen th a t  fo r 
maximum s e n s i t iv i t y ,  the angle must be m aintained a t
^ /2 - th e  quadrature condition. Any varia tion  in th is  b ias would 
appear as noise in the output, thus active phase compensation may 
be b en efic ia lly  employed (ref 33).
Sensors based on the Mach-Zehnder p rin c ip le  with unmodified 
fib res are extremely sensitive to most influences. For example, 
using 10m of s in g le  mode f ib r e ,  the  sh o t-n o ise  l im i t  of 
s e n s itiv ity  corresponds to an acoustic s e n s it iv ity  of 20dB below 
the th resh o ld  of hearing  a t  IkHz (re f  10), and in  a sim ple 
m agnetic f ie ld  sensor re ly in g  on m a g n e to s tr ic tio n  o f n ic k e l, 
m agnetic f i e ld s  o f 10”^^ gauss ( re f  22). The s e n s i t iv i t y  of the 
arangement gives r is e  to problems in d iscrim inating  between the 
d iffe re n t influences which may a ffe c t the fib re .
3.1.1 Polarisation e ffe c ts  in Mach-ZWmder based Sensors
In  g e n e ra l, the  f ib re s  used in the f a b r ic a t io n  of o p tic a l 
fib re  sensors have some birefringence, e ith e r in tr in s ic a lly  or by 
v ir tu e  of th e i r  geom etrica l arrangem ent ( re f  35,36). For a 
typ ical fib re  sensor with length Im the d ifference in phases of 
the two orthogonal modes may be some ten s o f rad ia n s . I f  the 
power i s  allow ed to  f lu c tu a te  between the  now non-degenerate 
orthogonal modes indiscrim inantly , the s e n s it iv ity  of the sensor 
w il l  be reduced. I t  w i l l  th e re fo re  be necessa ry  to  s e le c t  only 
one of the eigenmodes of both the sensor and reference arms. The 
m o d e -f ilte r  w i l l  then  form an e s s e n t ia l  p a r t  o f the  a n c i l la ry  
o p tic s  a sso c ia te d  w ith  th is  sen so r, whether u t i l i s i n g  bulk- 
o p t ic s ,  f ib re  o p t ic s  or in teg ra ted  o p tic s . At t h i s  p o in t i t  
diould be pointed out tha t such a f i l t e r  is  often referred  to as 
a "polariser" in the l ite ra tu re , a misnomer as the two eigenmodes 
do not n e c e s s a r i ly  correspond to lin e a r  p o larisa tio n s (ref 37). 
With th i s  in  m ind, the s ta te  of p o la r is a t io n  in  a general 
b i r é f r in g e n t  f ib r e  may be rep resen ted  as the  r e s u l ta n t  of two 
linear orthogonal pxDlarisations: however the  re p re se n ta tio n  i s  
not unique, the  use o f , fo r example, l e f t -  and right-handed  
c ircu la r p o la risa tio n s being equally valid  (ref 38,41).
To determine the performance requirement on the po larise r.
we consider the Mach-Zehnder configuration shown in figure 2. The 
two arms are both b iré frin g en t with phase terms and ^  in the 
sensing arm, and phase term s 2^ and in th e  re fe re n c e  arm. I f  
the e le c t r i c  f i e ld  am plitudes in  each mode a re  Ej e tc ,  and the 
powers launched in to  each fib re  are P q ,  then the f ie ld s  p a ra lle l 
and normal to mode 1 a re , respectively:
E p a r  - '
I f  the magnitudes of the e le c tr ic  f ie ld  are now made equal 
in the othogonal modes, normalising with respect to Pq the to ta l 
power launched in to  each fib re :
1.3
I  - 1 » . ,  *  1
1.4
p a r _L peep
- c o s Ç i  I - /1 , ')  c o sC ^
From which the  r a te  o f change of in te n s i ty  w ith  e x te rn a l 
influence X is :
s î a ( J ,  -
■ (-Î-)
1.5
I f  now the quad ra tu re  cond ition  i s  app lied  to  both s e ts  of 
modes simultaneously the ra te  of change of in ten sity  is :
J lI
Z x
1.6
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Although th is  improves upon the non-birefringent case by a 
fa c to r  of approx im ate ly  tw o, the sim ultaneous q u ad ra tu re  
condition would be hard to achieve. The analysis has also assumed 
th a t  the power and r e la t iv e  phases of the two modes rem ain 
c o n stan t, co n d itio n s  d i f f i c u l t  to  m ain tain  in p ra c t ic e . I f  the  
quadrature condition were applied to one mode only, an erroneous 
re su lt would be obtained
I f  the powers in  modes 1 of the two f ib re s  a re  both  Pg-a, 
and in the orthogonal modes are a, then the re su ltan t in ten sity  
i s :
I  ■= fL -*■ CP* -  a .  V o s  (<Sv -  7
and
(Ll = -COs(<5î,-<Sv) 18
Since the desired modal outputs w ill be maintained in quadrature,
(di-d2)=‘tr /2
^  =  1 -  CosCi^- (^4 )  1 .9
Expressed as a frac tiona l change of in tensity  th is  becomes:
= < - c o s  (63 ,-J») JLcl 1 10
I  2 P o
Since we may expect to  d e te c t  a t  b e s t a change in in te n s i ty  of 
one part in 10^ with in terferom etric  arrangements (ref 39), and 
choosing the "worst" case of the numerator, we find in th a t the 
power in the uncon tro lled  mode must be le s s  than lO"^ of the 
to ta l power, or th a t an ex tinction  ra tio  of 60dB is  required.The 
e x tin c tio n  r a t io  d e fin e s  the  r a t io  of the power in the d e s ired  
mode to tha t in the unwanted mode.
The above treatm ent has neglected any coupling between the 
modes th a t  may r e s u l t  from any a n iso tro p ic  p e r tu rb a tio n  (re f  
35,40). There a re  in r e a l i t y  many sources of such p e r tu rb a tio n s  
such as aco u stic  f ie ld s  and m echanical v ib ra tio n . Since the
11
acoustic sen s itiv ity  of th is  sensor is  20dB below the threshold 
o f hearing  for a Im len g th  o f f ib r e  (ref 10), the  f ib r e  used 
would id e a lly  m ain ta in  c o n s ta n t powers in the two orthogonal 
modes. This necessita tes the use of high birefringence f ib re  (ref 
35). However, as po in ted  out by Payne (ref 77), i t  i s  s t i l l  
necessary  to use inpu t and ou tp u t p o la r is e rs . T his may be 
understood since a randomly fluc tuating  d irection  of lin ea r input 
w ill give rise  to a varying apparent phase of the output signal. 
For random coupling along the  f ib r e ,  a c e r ta in  f r a c t io n  o f 
launched power w il l  appear in th e  orthogonal mode, w ith  an 
u n re la ted  piiase de lay . Thus m in im isa tion  of the e r ro r  w i l l  be 
ob tained  by use o f l in e a r  p o la r i s e r s  a t  the inpu t and o u tp u t 
p o r ts  o f the sensor. A v a r ie ty  of p o la r is a tio n  ro ta t io n  and 
transformation schemes have been proposed and developed (ref 42) 
which enable a rb i t r a r y  p o la r i s a t io n  tran sfo rm a tio n s  to  be 
performed. These devices are  im portan t since for a p p lic a t io n s  
such as coherent tra n sm iss io n  system s i t  may be im portan t to 
maximise the power in one mode, the small gdiase changes used in 
sensor systems no longer being important here.
1.5 The Fibre Gyroscope
By fa r the la rg e s t  volume of published m a te r ia l  has 
concerned the op tical fib re  gyroscope. This consists o f a co il of 
single mode op tical fib re  and some associated processing op tics, 
th e  l a t t e r  being e i th e r  bulk  or guided wave. The sensor i s  
expected to measure ro ta t io n  w ith  high s e n s i t iv i ty ,  exceeding 
th a t of more conventional mechanical gyroscopes. Optical f ib re s  
a lso  confer the added b e n e f i t  o f low co st. The sensor i s  most 
e as ily  understood by considering th e  m o d ifica tion  o f the  Mach- 
Zehnder configuration shown in figure 3. The arrangement may be 
extended to form an op tical f ib re  gyroscope as shown by removing 
the  second b e am sp litte r  and jo in in g  the two arms to g e th e r . The 
operational p rincip les of the resu lting  gyroscope have been well 
descibed  by Culshaw (re f 11) and Chow (ref 46), however fo r the 
ensuing discussion a b rie f  resume w ill be given.
I f  the c o il  of f ib re  i s  ro ta te d , one beam (propagating 
c lockw ise#  in the  example) spends longer in the  c o i l  than th e  
other beam. Thus the in ten sity  of the recombined beams ( in i t ia l ly  
a t  a maximum) w i l l  vary. We assume th a t  the l ig h t  p asses only
12
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once through the fib re  co il, although other operational regimes 
are p o ss ib le  ( re f  47,48). For an angular rateJO -the expression  
for the fringe s h if t  ÙZ resulting from the non-reciprocal Sagnac 
phase s h i f t  named a f te r  i t s  d isc o v e re r  ( re f  94) may be
derived as described by Dost (ref 49)
A Î .  -  4 A J 1  1-11
cX
Or;
A cp = 4 rA A  ■ iT T  1.12
c A.
Where c is  the speed of lig h t in free space, X the wavelength in 
vacuum, A the  e f f e c t iv e  area o f the  c o i l  ( re f  11). In p ra c tic e  
many tu rn s  a re  used w ith a rad iu s  o f betw een 5 and 10cm and a 
to ta l  fib re  length of 1km. An p erfec tly  constructed device would 
be reciprocal to a l l  parameters except for ro ta tio n  and magnetic 
f ie ld , the l a t t e r  inducing a non-reciprocal po larisa tio n  ro tation  
v ia  the  Faraday e f f e c t .  To fa b r ic a te  a dev ice  e x h ib itin g  a high 
degree o f r e c ip ro c i ty  i t  i s  necessary  to  use the "minimum 
configuration" system illu s tra te d  in figure 4. To ensure that the 
two beams "see" an equal number of re flec tio n s  and transm issions, 
two b e a m s p lit te r s  must be used. A lso, s in ce  the  propagation 
constants of the f ib re  for the two orthogonal modes may d if fe r , a 
p o la r is e r  or mode f i l t e r  i s  needed (re f  11). In a d d itio n , the  
alignments of the fib re  with respect to the op tical components 
(whether guided or bulk devices) must be the same for both fib re  
Olds. In other words, a common mode must be defined a t the input 
and output ports.
The ou tp u t o f the system may be m onitored by use of a 
photodiode. U nfo rtunate ly  th i s  sim ple d e te c tio n  scheme has 
se v e ra l m ajor problem s. F i r s t ly ,  the  sensor may be requ ired  to 
opera te  w ith  high dynamic range, d e te c tin g  ro ta t io n  ra te s  o f 
between 0.01 ^ /hr and 400^/sec. Due to the periodic nature of the 
o u tp u t, am biguity  would a r is e . Secondly the s e n s i t iv i ty  o f the  
device is  a t  a minimum for low ro ta tion  ra te s . Thus an increasing 
com plexity  of p rocessing  system s i s  needed to  r e a l is e  th e  
p o ten tia lly  high se n s itiv ity , and the in tr in s ic  s im p lic ity  of the
14
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device i s  lo s t.
The s e n s i t iv i ty  problem , but no t the r e s t r i c te d  dynamic 
range, may be overcome by use o f a TT/2 phase b ia s  ( re f  11). 
U n fo rtu n a te ly  any noise in the b ia s  g iv es  r i s e  to no ise  in the 
apparent ro ta tion  rate. A lternating b ias %phase modulation) may 
be used to  produce an ou tpu t a t  the  m odulating frequency (in 
p r c t i c a l  c a s e s  t h i s  w i l l  be s in u s o id a l )  o f  m ag n itu d e  
AQsin(^(2J 2 (^ jjj)) where is  the maximum induced phase change and 
^  the Sagnac phase s h i f t  ( re f  11). U n fo rtu n a te ly , the  dynamic 
range i s  s t i l l  a problem, but may be overcome by use of a range 
of phase-nulling techniques in closed loop configurations. I f  a 
su itab le , small frequency d ifference could be introduced between 
the two beams the Sagnac phase d if fe re n c e  could be n u lle d . 
Knowledge of the applied  frequency s h i f t  would then y ie ld  
ino rm ation  on the  ro ta tio n  ra te .  This d e te c tio n  scheme has th e  
advantage of an e ssen tia lly  d ig ita l  output, but the dynamic range 
o f the system  w ill  be dependent upon th e  device used to  change 
the frequency. C ah ill and Udd (re f  50) have shown th a t  the 
required frequency sh if t  is :
/ \  ^  1.13
Where n is  the effective index of the f ib re  co il. I t  is  seen th a t 
th is  re s u l t  is  independent of the length of the fib re  c o il. For a 
ty p ic a l  p ra c t ic a l  dev ice , the  frequency s h i f t  i s  g iven  by 
D f= 1 0 ^  where SL i s  the ro ta t io n  r a te  o f the gyroscope in 
radians/second. Ihus -for the dynamic range previously quoted, a
' V
frequency difference of 1.4Mhz would be required. Here in tegrated 
o p t ic a l  frequency s h i f t e r s  have g re a t  p o te n t ia l  (re f  51), 
frequency s h if ts  of up to 400MHz having been reported.
For phase nu llirg  techniques, the l ig h t  source must have a 
la rg e  coherence leng th . Any l ig h t  b a ck sc a tte re d  from the f ib re  
w ith in  the  c o i l  may then add co h e ren tly  w ith  the un s c a tte re d  
l ig h t  to  co rru p t the s ig n a l. D ispersion  e f f e c ts  (re f  53) w il l  
g ive  r i s e  to  a tem perature dependent e r ro r  term . D espite th e se  
d i f f i c u l t i e s ,  th e  c lo se d  loop  a p p ro ach  has y ie ld e d  h ig h  
s e n s i t i v i t i e s  . A la rge  zero d r i f t  of 6^/hr/^C  r e s u l ts  from the  
use of only one modulator. Barlow e t  a l (ref 53) have shown th a t
16
a second modulator is  necessary to achieve the higher zero-point 
s ta b i l i ty  required in ta c tic a l app lications.
The most im pressive r e s u l t  to  d a te  was a noise f lo o r  
e q u iv a le n t to  a ro ta t io n  r a te  o f 0 .1 ^ /h r, a lb e i t  w ith  an 
in teg ration  time of 30 seconds (ref 56). Bulk op tical conponents 
were used.
Using a system with gjiase m odula tion , Bohm e t .a l  ( re f  55) 
were able to demonstrate a sensor with l in e a r i ty  to less  than 1% 
fo r  r o ta t io n  ra te s  between 300 and 200,000 degrees/hour. For an 
in te g ra t io n  tim e of 1 second a no ise  e q u iv a le n t e rro r  r a te  o f 
0.11^/hr was reported. A somevÆiat poorer figure was obtained with 
d ig ita l  data  processing, however the system coped with the high 
dynamic range.
Kim (re f  57) has used a s in u so id a l g^ase m odulation in a 
c lo sed -lo o p  a l l - f ib r e  c o n fig u ra tio n . The method r e l i e s  on the  
d i f f e r in g  jAiase delays imposed on the counterpropagating beams 
due to the asymmetric mountir^ of the PZT modulator with respect 
to the geometric centre of the fib re .
1.5.1 j^ lic a t io n s  to other sensors
I t  w ill  be seen that the processing systems su itab le for the 
o p t ic a l  f ib r e  gyroscope may be a p p lied  to  o th er o p tic a l  f ib re  
se n so rs , where the same requ irem en ts o f high s e n s i t iv i ty  and 
dynamic rarge ajply. For example, heterodyne d e te c tio n  schemes 
may also be used with Mach-Zehnder configurations. The absence of 
any need for reciprocity  relaxes the requirements on the op tica l 
components. Techniques developed fo r  use w ith the senso rs 
described may also be of benefit for coherent detection in long- 
haul o p tica l fib re  communication systems (ref 58).
1.5.2 P ractical implementation of processing schemes
In the preceding discussion, no choice of implementation was 
m entioned. I t  would be p o ss ib le  to  use e i th e r  bulk o p tic a l  or 
guided wave system s. The former re q u ire  complex alignm ent o f 
sensitive  p a rts , are costly , and would be adversely affected by 
mechanical perturbations.
W hile the  sensing c o il  i t s e l f  i s  by d e f in i t io n  an o p tic a l  
f ib re , guided wave implementations of the processing scheme may 
use e ith e r  integrated optical or o p tica l fib re  components. Both 
have in fa c t  been used with varying degrees of success (ref 60).
17
All fib re  systems (ref 59) have no in te rfaces to  cause alignment 
problem s or r e f le c t io n s .  In - l in e  f ib re  p o la r i s e r s  have been 
dem onstrated  w ith  s u f f ic ie n t ly  h igh  perform ance (re f  61), and 
alignment problems are eliminated. However, f ib re  couplers (such 
as fused b ic o n ic a l taper coup le rs  ( re f  62)) would not lend 
them selves e a s i ly  to  mass p rodu ction , as may ev en tu a lly  be 
req u ire d . In a d d itio n , PZT m odu la to rs, g e n e ra lly  used to 
implement the  frequency s h i f t  in an a l l - f i b r e  p hase-nu lling  
gyroscope, have lim ite d  dynamic range ( re f  63), t h i s  m odified 
modulator giving frequency sh ifts  up to some tens of MHz.
Integrated op tical implementations would lend themselves to 
mass p ro d u c tio n , but su ffe r  from the  in c reased  com plexity o f 
fibre-waveguide in terfaces. To date , poor performances have been 
ob tained  w ith  in te g ra te d  o p tic a l  p ro cess in g  schemes (84). The 
signal processing requirements w ill now be investigated in the 
c o n te x t  o f p re v io u s ly  d e m o n s tra te d  in t e g r a t e d  o p t i c a l  
components.
Refer ing to the closed loop configuration shown in figure 5 
a v a rie ty  of components may be iden tified  
Sources
I t  would appear th a t  due to the in te r  fe ro m e tr ic  nature of 
the sen so r, l i g h t  sources w ith high coherence len g th s  would be 
r e q u i r e d .  However, th e  c o r ru p t in g  e f f e c t  o f  R ay le igh  
b a ck sc a tte re d  l ig h t  from the f ib re  (a mechanism which a lso  
p rov ides d e p o la r is a tio n )  is  worsened by co h eren t sources (re f  
64). In a d d it io n , the  o p tic a l  Kerr e f f e c t  le a d s  to a b ia s  
in d is tin g u is h a b le  from the Sagnac phase s h i f t  should the 
b e a m sp lit te r  s p l i t t i n g  r a t io  not be e x a c tly  50% (ref 65). The 
e f f e c t  may be reduced (but not e lim in a te d ) by the use o f 
broadband sources (re f  65). Since l ig h t  sou rces have not been 
incorporated into lithium  niobate processing systems to date (ref 
34), and the other required components have not been demonstrated 
on semiconductor substrates, a separate source w ill be required. 
Superluminescent diodes and m ulti-long itud inal mode lasers (ref 
66) a re  id e a l cand ida tes . Semiconductor l a s e r s  a re  g e n e ra lly  
ad v erse ly  a ffe c te d  by r e f le c t io n s  from o p t ic a l  in te rfa c e s  in  
th e ir  immediate v ic in ity  (ref 67), thus an o p tica l iso lato r (ref 
68) or non-p lanar in te r fa c e  i s  req u ired . Choice o f wavelength
18
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w il l  be im portan t as the  s e n s i t iv i ty  o f the  gyroscope depends 
upon t h i s  p a ra m e te r . In a d d i t i o n , f o r  in te g r a te d  o p t ic a l  
applications the photorefractive e ffe c t has an adverse e ffec t on 
the  long term s t a b i l i t y  of components fa b r ic a te d  on lith iu m  
niobate by ind iffusion  of titanium  for su ff ic ie n tly  high photon 
energies (re f 69,70).
B eam ^litters.
The two b e a m sp litte rs  may be implemented by e i th e r  y- 
iunctions (ref 71) or d irectional couplers (ref 72). I t  is  known 
th a t  the s p l i t t i n g  r a t io  should be as c lo se  to  3dB (ie . a 50/50 
sp lit)  as possible (ref 64). The f a b r ic a t io n a l  to le ra n c e s  would 
thus preclude the se lection  of the d irec tio n a l coupler ^proach 
un less  tuning e le c tro d e s  were to  be employed (re f  72). Y- 
iunctions are more eas ily  made with repeatable, even sp littin g  
r a t io s .  However th e  dev ices are in  r e a l i t y  four-p>ort couplers 
with the substrate  serving as the fourth port as shown in figure 
6 (ref 59). Light radiated into th is  fourth po rt may subsequently 
couple in to  ano ther waveguide w ith an adverse e f f e c t  on the 
s e n s i t iv i ty  as rep o rted  by Papuchon e t  a l .  M odified geom etries 
may a llev ia te  the problem. E lectrica l tuning may also benefit Y- 
junctions (ref 73)
Mode f ilt e r s
As d iscussed  in re fe ren ces 74,75,76 i t  i s  necessary  th a t 
both counter-propegating modes have the same px)larisation mode. 
This im plies th a t both fib re  and integrated oprtiical mode f i l te r s  
must support one spaatial mode, which corresponds exactly to one 
mode of the f ib r e .  U n til rec en tly , such d ev ices were lacking . 
Ideally , the power launched into the one mode would remain within 
th a t mode. However, defects in the f ib re , and external influences 
w ith the  a p p ro p ria te  p e r io d ic ity  w il l  serve to  couple power 
between the two modes. Since these have d iffe re n t propagation 
c o n s ta n ts , i f  on ly  by v ir tu e  of the  c o il in g  o f the f ib re , 
corrupted outputs w ill resu lt. For a ro ta tio n  of polarisa tion  in 
a f ib re  mounted betweei two perfect p o la rise rs , ccanplete fading 
may r e s u l t  ( re f  74). Thus the f ib re  would id e a l ly  m aintain  the 
p o la r is a t io n  s ta te .  Such sp e c ia lise d  f ib r e s  are  the  su b je c t o f 
current research by other workers (ref 77) However, for the class 
of p o la r is a t io n  hold ing  fib res  which r e ly  on s t r e s s  induced
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b ire fr in g en c e  (re f  78) i t  i s  be lieved  th a t  th e re  i s  an u ltim a te  
lim it  of approximately 50dB to the maintained ex tinc tion  ra t io  
(ref 79). A fu l l  discussion of currently  available  mode se lec tion  
techniques w ill be presented in a la te r  section. I t  can be shown 
th a t for a single-pass gyroscope, an extinction ra tio  of a t  le a s t  
60dB is  requ ired  fo r even modest system perform ance ( re f  80). 
Figures of 90dB are required for tac tica l ^^plications (ref 15 ), 
however. Burns e t  a l ( re f  15) have used p a r t i a l l y  coheren t 
sources w ith p o la r is a t io n  holding f ib re  to achieve low d r i f t ,  
requiring a figure of only 50dB.
For a fib re  gyroscope, one would ideally  pass a l l  the power 
in one mode, while elim inating cross-scattering  together with the 
power in the orthogonal mode. I f  th is  condition is  not met, bias 
e rro rs  w ill  r e s u l t  ( re f  81), un less  the product o f the  two o f f -  
d iagonal e lem ents o f the  Jones m atrix  (re f  82) d e sc rib in g  the 
complete system  i s  equal to  the  second elem ent o f th e  lead in g  
diagonal (ref 81)
Phase modulation and frequency translation
Integrated o p tica l phase modulators have been reported with 
low drive power requirements for devices fabricated in titanium  
in d iffu sed  lith iu m  n io b ate  using both proton exchange (re f  83) 
and titanium indiffusion  waveguide fabrication techniques. For a 
fu l l  discussion, the reader is  referred to re f 43. Band widths of 
up to lOGhz have been reported. Frequency tran s la to rs  have also 
been dem onstrated using the  above components in a "serrodyne" 
arrangem ent ( re f  83), y ie ld in g  s h i f t s  of up to  4MHz, l im ite d  by 
e le c t r ic a l  c o n s id e ra tio n s . In th is  p u b lic a tio n  i t  i s  a lso  seen 
th a t  s ig n a ls  a re  p re se n t a t  frequencies o ther than th a t  o f the 
main lobe. In p a r t i c u la r ,  s ig n a ls  are s t i l l  p re se n t a t  the  
unsh ifted  (source) frequency. This w ill  lead a t  b e s t to  non- 
l in e a r i t ie s  i f  the e ffe c t does not vary with time, and a t  worst 
e r ro rs  in d e tec ted  ro ta t io n  r a te  i f  i t  does. The e f f e c t  was 
a tt r ib u te d  to  guid ing  in  o u t-d iffu se d  la y e rs  (re f  83 ) , a 
phenomaion which lim its  the performance of many other in tegrated 
optical components unless properly suppressed.
Couplers
Since the s ig n a l p rocessing  o p tic s  a re  sep ara te  from the 
f ib re  sensing c o i l  in t h i s  im plem entation, some method o f
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coupling the power between the two guides is  required. A varie ty  
o f methods have been rep o rted , ranging  from sim ple  m echanical 
b u t t - j o in t s  to  e x te rn a lly  defined  alignm en t grooves. A novel 
coupler fabricated  in the course of th is  work w ill be described 
in chapter 6. A coupler to be used in th is  application  diould be 
m echan ica lly  s ta b le ,  in s e n s i t iv e  to  tem p era tu re , and a llow  
s tab le , e f f ic ie n t  power transfer.
1.5.3 Conclusion
While individual components su itab le  for the fabrication  of 
an in te g ra te d  o p tic a l  p rocessing  scheme fo r an o p tic a l  f ib re  
gyroscope have been demonstrated, th e ir  performance is  e ither too 
poor, or has no t been s u f f ic ie n t ly  thorough ly  in v es tig a te d  to  
enable th e ir  in tegration. More work is  necessary to improve the 
rather poor performance of these systems, cu rren tly  -1000 times 
poorer than bulk optical versions with a l l  e lectron ic  processing, 
( re f  84)
1.6 The Single Fibre Polarimetric Sensor
The Mach-Zehnder sensor described in section 2 is  capable of 
extremely sen sitiv e  measurement of tem perature, pressure, and i f  
a m agnetostrictive coatirg such as a su itab le  m eta llic  g lass (ref 
23) is  used on the sensing arm, m agnetic f i e ld .  As i t  i s  o ften  
d i f f ic u l t  to iso la te  these parameters, the high c ro ss-sen sitiv ity  
(ie. s e n s it iv i ty  to parameters other than th a t to be detected) of 
th e  dev ices i s  a problem. In a d d itio n , w ith  sim ple in te n s i ty  
detection  systems the phase change becomes ambiguous for phases 
g re a te r  than y p /2  (ref 85). While more com plicated f r in g e -  
counting methods could be used, the  in h e re n t s im p lic ity  o f the 
sensor is  lo s t. Thus the dynamic range of the basic Mach-Zehnder 
configuration is  low.
The Michelson configuration (ref 86) o ffe rs  some geometric 
advantages over the Mach Zehnderfor a p p lic a tio n s  where the  
re fe ren ce  arm needs to be sep ara te  from the sensing arm, and 
o f f e r s  a doubling in s e n s i t iv i ty  per u n i t  len g th . However, th e  
arrangemeit su ffe rs  from essen tia lly  the same lim ita tio n s as the 
Mach-Zehnder.
A v a r ie ty  o f methods of overcoming th is  problem have been 
reported, using for example a source-frequency modulated system 
analogous to  c e r ta in  radar techn iques (re f  87) which has a
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th e o r e t ic a l  dynamic ran g e  o f 10® w ith  a g r e a t ly  red u ced  
s e n s i t iv i t y  to  d isp lacem ent o f O.ü^m using c u rre itly  availab le  
sources and detectors.
A nother p o s s ib le  a rra n g e m e n t i s  th e  s i n g l e - f i b r e  
polar im etric  sensor (ref 88), also referred  to in the l i te ra tu re  
as a "polarimeter", which o ffe rs  improved c ro ss-sen s itiv ity  and 
dynamic range compared to the  Mach-Zehnder a t  the  expense o f 
lower se n s itiv ity . Fibre birefringence led to adverse e ffe c ts  on 
the s e n s i t iv i t y  of the Mach-Zehnder: here the  b ire fr in g e n c e  o f 
the f ib re s  is  employed benefic ia lly . The configuration is  diown 
in f ig u re  7. A s in g le , b i r é f r in g e n t  f ib re  i s  exposed to  the  
param eter to be measured. As the  two mode in d ices  w i l l  be 
affected in d ifferen t ways, the re la tiv e  phase delay of the two 
o rthogonal components w il l  depend on the param eter. This 
in terferom etric  arrangement is  s im ila r to the Fibredyne system, 
but gives a predictable output and a higher sen sitiv ity . However, 
the two orthogonal eigenmodes cannot, by defin ition , in te rfe re , 
so th e  d e te c t io n  scheme m ust in c o rp o ra te  some form  o f 
p o la r is a t io n  ro ta to r . In bulk o p t ic a l  d e te c tio n  schemes, th i s  
fu n c tio n  is  accomplished w ith  a W ollaston prism  (re f  88). 
A lternatively , a t the expense of a reduction in received power, a 
l in e a r  p o la r is e r  may be used w ith  i t s  a x is  a t  45® to  the f ib re  
b i r é f r in g e n t  axis. The scheme has been m odified to extend even 
fu r th e r  the dynamic range using a combined p o la r im e tr ic  and 
Michelson interferom eter (ref 91) In chapter 7 a novel detection  
scheme w il l  be proposed making use of in te g ra te d  o p tic a l  
components-this w ill be shown to have both high se n s itiv ity  and 
dynamic range.
For a system using an unm odified f ib r e ,  the tem pera tu re  
se n s itiv ity  is  far superior to the pressure se n s itiv ity  (ref 88). 
In a d d it io n , arrangem ents have been proposed whereby the  non­
sensing leads may be made immune to the external parameter (ref 
91). Coatings may be applied to s ig n if ic an tly  enhace the pressure 
s e n s i t iv i t y  while negating the  r e la t iv e  phase change due to 
tem perature.
The sen s itiv ity  of such a sensor to the generalised external 
in flu en ce  X w ill  now be developed. With reference  to  f ig u re  7, 
f i e ld s  E q  are  in c id en t in the two modes of the f ib r e .  Phase
24
O
F
c(/)
-HZ)>
"H#—I
Zen
t/)*—I
zen
s
-n
1—4OD
X )m
uo
>
Xf
X )
t— *m
to
m
Z
to
o
Z3
U
O
r—
>
x>
•—f
3  
m 
—I 
m
o
O(/>
P-
I
P:
OJ
le
*o
K>
25
d e lay s  and are  a sso c ia te d  w ith each mode. A
sim ila r treatm œ t to th a t given for the Mach-Zehnder configuration 
y ie ls  for the in tensity  transm itted  by a p o la r ise r  with i t s  axis 
a t  45® to the b iréfringent axes,
j x .  4- L  ^  ^  b x  C b x / . 1.14
Applying the quadrature condition replaces sin(n2 ~n2 )lk by unity , 
and we see th a t the r a te  o f change o f in te n s i ty  depends on the 
change of birefringence with external influence, rather than the 
a b so lu te  value of the  in d ic e s . Replacing (n2 ~n2 ) by B, the  
birefringence, yields:
The r e la t iv e  importance o f the  two term s in paren theses w i l l  
depend on the a p p lic a tio n  of the  senso r. The s e n s i t iv i ty  i s  
reduced by a factor of approximately B/n compared to the Mach- 
Zehnder configuration. Although the dynamic range of the system is  
improved compared to the Mach-Zeimde icon f ig u râ t  ion, the  s ig n a l 
s t i l l  becomes am biguous fo r  a c e r t a in  value of e x te rn a l 
parameter. In addition, the s e n s it iv i ty  depends on the re la tiv e  
power in  the two modes and on the source in te n s i ty :  th i s  may be 
shown as follows:
Suppose a fraction f  of the incident fie ld  is  launched into 
one mode, and a fraction  (1-f) launched into the other, then the 
in te n s i ty  tran sm itted  by a p o la r is e r  w ith i t s  a x is  a t  (D to  the 
f i r s t  mode is:
Eo + Eq S k L 1.16
The v a r ia t io n  in ou tpu t in te n s i ty  w ith  s p l i t t i n g  f ra c tio n  f  i s  
th e re fo re :
S Zj.ÊoC.os*’© t  1.17
4 -
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which with the quadrature condition becomes:
^  1.18
which w i l l  be zero i f  f= o  or ©» T%.if th e se  co n d itio n s a re  no t 
met, then since we may de tec t a minimum in ten sity  change of one 
p art in 10^ (ref 39), we require
1 ^ C o C '6 < . \0 ~ ^ 1.19
Considering now the e ffec t of source in te n s ity  changes, we find:
&E c  ^^  -  2 - ^ d O S * ' ( 9 1,20
(lEt
which w ill again be zero for f=sin% =l/2, but w ill otherwise be 
f in i te .  The e ffe c t of both these parameters on the se n s itiv ity  of 
the device is  given by:
j & U x  ^ 1- 21
I t  i s  seen th a t  the s e n s i t iv i ty  i s  a ffe c te d  by v a r i a t i o n  of 
alignment of both input and output p o la rise rs .
A v a rie ty  of schemes have beoi proposed to  overcome the problems 
of dynamic range. Kersey (re f  91) re p o r ts  two methods, both 
u til is in g  the dependence of the re la tiv e  phase delay of the two 
o rthogonal modes on source frequency. A complex s e r ie s  o f 
electronic  processing operations are performed on the resu ltan t 
output, when the input source frequency is  switched between two 
w e ll-d e fin ed  frequencies. Using t h i s  technique, a minimum 
d e te c ta b le  s t r a in  of 0.003pm could be ca lcu la te d  from the 
measured s ig n a l to noise r a t io .  The method req u ire s  e i th e r  a 
w e l l - d e f in e d  f i b r e  le n g th  fo r  a f ix e d  sou rce  freq u e n c y  
d if fe re n c e , or a v a r ia b le  d if fe re n c e  fo r an a rb i t r a ry  f ib re
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length.
A lte rn a tiv e ly , pseudo-heterodyne techn iques may be used, 
again w ith  th e  r e s u l t  o f converting  the  D.C. phase to  phase 
m odulation o f a c a r r ie r .  In th is  case the source frequency i s  
ramped, a technique a lso  rep o rted  fo r Mach-Zehnder sensor 
geometries.
In the polar im etric  sensor, i t  i s  also necessary to maintain a t 
the inpu t c o n s ta n t re la t iv e  powers in  each mode, a lso  w ith  
c o n s tan t inpu t j^ a se . This re q u ire s  s ta b le  coupling between 
s u b s tra te  and f ib re  for an in te g ra te d  o p t ic a l  im plem entation , 
both in terms of mechanical alignment and po larisa tio n  s ta b ility .
1.7 Choice o f fibre
As d iscu ssed  e a r l i e r ,  the  need fo r p o la r i s e r s ,  or mode 
f i l t e r s ,  a rises  from the ambiguity in output frcrni a fib re  sensor 
w ith  b i r é f r in g e n t  sensing or re fe ren c e  arms in  the presence of 
external influences.. The need for these devices i s  removed i f  a 
f ib re  could be produced vherein the two modes are degenerate, or 
a single po larisa tio n  fibre is  used. To date , a l l  fib res produced 
have some b ire fr in g e n c e  by v ir tu e  o f th e i r  fa b r ic a tio n , a 
s itu a tio n  generally  worsened by th e i r  g eo m e trica l arrangem ent 
( re f  36). The low est value rep o rted  fo r the b ire fr in g e n c e  is  
approxim ately  10”^. In any case , e x te rn a l in flu e n ce s  such as 
m ec h an ica l d e fo rm a tio n  and c o i l i n g  th e  f i b r e  in tro d u c e  
b ire fr in g e n c e  (re f  40,35). By in tro d u c in g  a s u f f ic ie n t ly  high 
f ib r e  b ire f r in g e n c e  and with s u i ta b le  core  geo m etrie s , i t  is  
p o ss ib le  to  make one mode leaky w hile the  o th e r rem ains guided 
(re f  92,93). S ing le  p o la r is a tio n  f ib r e  i s ,  as y e t, not of 
s u f f i c i e n t l y  h ig h  p e rfo rm an ce . "Zing" f i b r e ,  a v a i la b le  
commercially from York Technology, has a lo ss  of 5dB/km for the 
"guided" mode and 50dB/km for th e  leaky , o rthogonal mode (Ref
96). There i s  in  f a c t  an in t r in s i c  l im i t  to  the p o la r is a tio n  
holding a b l i l i t y  o f re a l b i r é f r in g e n t  f ib re s .  As described  by 
Brinkmeyer ( re f  79), the b ire fr in g e n c e  induces in to  the f ib re  
SŒtie anisotropy. Thus the ra d ia tio n  re -e m itte d  from s c a tte r in g  
centers w ithin the fib re  by Rayleigh sca ttering  may not have the 
same s ta te  or degree of polarisation  as the incident wave. This 
s i tu a t io n  i s  n o t p resen t in an id ea l f ib r e  w ith  degenerate 
eigenmodes using iso tropic cores and cladding.
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A more economic solution for in terferom etric  sensors would be 
o ffe re d  by the  use of h ig h -b ire fr in g e n c e  f ib re  w ith  h igh - 
e x tin c t io n  r a t io  p o la r is e r s  a t  inpu t and output p o r ts .  The 
perform ance o f such a system  i s  expected to  be co rrespond ing ly  
po o re r, b u t may s t i l l  be accep tab le  fo r some a p p lic a tio n s  ( re f
97). For th e  o p tic a l  f ib r e  gyroscope, the  a c t  o f c o il in g  the  
f ib re  may be used to enhance the b ire fr in g e n c e  of the f ib r e  and 
hence i t s  po larisa tion  holding a b ility .
For p o la r  im e tric  se n so rs , improvements in se n s itiv ity  are 
lik e ly  to re su lt  from e ffo r ts  to increase the birefringence.
1.8 Ccxiclusion
A v a r ie ty  of o p tic a l  f ib r e  senso rs and p rocessing  schemes 
have been in v e s tig a te d . Their requ irem en ts in term s o f s ig n a l 
p r o c e s s in g  have b een  d i s c u s s e d .  I n t e g r a t e d  o p t i c a l  
implementations are possible, but devices and systems reported to 
da te  have been of in s u f f ic ie n t ly  h igh perform ance to  o ffe r  
s ig n ific an t advantages over th e ir  bulk op tica l counterparts when 
incorporated in systems.
Systems su itab le  for processing signals from e p ic a l  fib re  
gyroscopes may also be used to process those frcan other op tica l 
f ib r e  se n so rs , w ith  re laxed  requirem ents on their performance. 
R eq u irem en ts  fo r  c o m p o n e n ts  f o r  i n t e g r a t e d  o p t i c a l  
im plem ætations are:
(i) Beam ( f l i t t e r s  with good iso la tio n  (lOOdB) from the substra te , 
ideally  50% sp littin g  ra tio , and stab le  reciprocal operation.
(ii) P o la rise rs  must be fabricated to se lec t one eigenmode of a 
single mode fib re  with an extinction  ra tio  of a t  l e a s t  60dB
( i i i )  co u p le rs  to  t ra n s fe r  power between in te g ra te d  o p tic a l  
su b s tra te  and o p tic a l f ib re  a re  re q u ire d , w ith re p e a ta b le , 
e ff ic ie n t  coupling. Mechanical s ta b i l i ty  is  again essen tia l, 
( i i i i )  phase m odulators are  req u ire d : s t a b i l i t y  and rep e a ta b le  
o p e ra tio n  a re  e s s e n t ia l .  In a d d itio n , the  ac tio n  of the  jiiase  
m odulator should not a l t e r  the  o p t ic a l  f ie ld  p ro f i le  in  the  
waveguide (a phenomenon in e v ita b le  due to  the e le c tro o p tic  
e f fe c t) .
(iv) Frequency s h i f t e r s  should have a high dynamic range (up to  
4MHz a t  le a s t) ,  have repeatable operation, and ideally  be lin ear.
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Sidebands diould be well suppressed, and th e ir  re la tiv e  in tensity  
not vary with time.
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Chapter 2 Integrated Cptical Mode F il te rs  Using Hybrid Titanium 
Indifused/ Proton Exchanged Waveguides in  Lithium Niobate
2.1 Introduction
A recent development within the fie ld  of in tegrated  op tics 
based on lith iu m  n io b ate  has been the use of p ro ton  exchanged 
wavegides (re f  1 ,2 ,3 ). The process c o n s is ts  e s s e n t i a l l y  of 
exposing a selected area of the lithium  niobate to a carboxyl ic 
acid a t an elevated temperature. For example, immersion in pure 
benzoic acid a t  210®C fo r se v e ra l m inutes i s  known to  produce 
slab waveguides with single mode properties.
The waveguides a re  c h a ra c te r ise d  by a la rg e  in c re ase  in  
r e f r a c t i v e  index  com pared to  more t r a d i t i o n a l  t i t a n iu m  
indiffusion techniques. In addition, the process operates on the 
e x tra o rd in a ry  r e f r a c t iv e  index only, the o rd in a ry  r e f r a c t iv e  
index being lowered (ref 4 ). I t  is  seen tha t the method enables 
mode selective  waveguides to be fabricated, the transm itted  mode 
depending on the  p a r t ic u la r  o r ie n ta t io n  o f th e  c r y s ta l .  For 
example, Z-cut LiNbOg would, a f te r  proton exchange waveguide 
fabrication , yield p re fe ren tia l transmission of TM-like modes.
The m ajority of reported work on the technique has concerned 
slab  geometries. While such guides do indeed posess the required 
m ode-selec tive  p ro p e r t ie s ,  they  would be of l i t t l e  use fo r 
in te r fa c in g  w ith  o p t ic a l  f ib re s  where s t r ip e  g eo m etries  a re  
required (ref 5,6). The high resu lting  re la tiv e  re frac tiv e  index 
difference would require narrow geom etries fo r e f f i c i e n t  power 
tra n s fe r  to s in g le  mode o p tic a l  f ib re s . In a d d it io n , many 
integrated op tica l devices have been demonstrated using titanium  
in d iffu sed  waveguides. Thus a hybrid geometry i s  c a lle d  fo r 
whereby some conponents are fabricated using titanium  indiffused 
waveguides, while the po larising , or mode se lec tive  function is  
performed by a proton exchanged waveguide. The use o f two 
d i f f e r e n t  waveguide fa b r ic a t io n  methods on the same su b s tra te  
gives rise  to two major problems.
(i) Alignment between the two waveguide sections w ill be c r i t ic a l
(ii) more complex fabrication  procedures w ill be required.
Proton exchanged waveguides fabricated under ce rta in  conditions 
(re f  7,8,9) are known to  change th e ir  p ro p e r tie s  w ith  tim e .
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however recent developments with annealing (ref 10) and d ilu te -  
m elt fa b r ic a tio n  techn iques (re f  11) go some way to  r e c t i f y in g  
the situaution .
2.2 Design of hybrid LiNbOg polarisars
Various d i f f e r e n t  c o n fig u ra tio n s  are p o ss ib le  fo r the  
p o la rise rs . They may be divided in to  two broad categories
(i) those in which the proton exchanged section is  used to  modify 
an existing  titanium  indiffused guide, and
( i i)  those in which the  pro ton  exchanged guide com pletes an 
otherwise discontinuous titanium  indiffused waveguide.
As an example of the  form er category , a p o la r is e r  f i r s t  
reported by Papuchon is  i l lu s tra te d  in figure la . Two "blocks" of 
proton exchanged s u b s t r a t e  b o rd e r  a c o n tin u o u s  t i t a n iu m  
indiffused waveguide. By su itab le  choice of gap between the two 
se c tio n s , the evanescent wave asso c ia ted  w ith  the  tita n iu m  
in d iffu sed  guide (re f  12 ) may extend in to  the p ro ton  exchanged 
section. This w ill give r is e  to leaky wave proagation (ref 5) i f  
the refrac tive  index of the external sections is  lower than th a t 
of the substrate, and confinement otherwise. Thus a p o la rise r may 
be produced. Papuchon (ref 13 ) has reported an ex tinction  ra tio  
of 30dB for the d ev ice , w ith  an excess lo s s  of IdB. The 
po lariser may be optimised by design based on the model of figure 
2, wherein lig h t in the c en tra l, titanium  indiffused waveguide i s  
allowed to couple to the neighbouring waveguides representing the 
proton exchanged se c tio n s . Coupling w ill  only take p lace  fo r 
those modes with the major e le c tr ic  f ie ld  component aligned along 
the  c ry s ta l  e x trao rd in a ry  a x is . The proton exchanged se c tio n s  
fabricated in th is  geometry w ill support many modes.
A lternatively, an existing  titanium  indiffused waveguide may 
be m odified to endow i t  w ith  m ode-selective  p ro p e r t ie s  by 
superposing proton exchanged sections. Figure 3, reproduced from 
re f  13, i l l u s t r a t e s  the r e f r a c t iv e  increases and d ecrea ses  
induced by both tita n iu m  in d if fu s io n  and pro ton  exchange 
te c h n iq u e s . I t  w i l l  be seen  t h a t  fo r th e  e x t r a o r d in a r y  
p o la r is a t io n , the  n e t e f f e c t  o f superposing the  gu ides i s  to  
in c rease  the index above th a t  o f the su b s tra te , w hile  fo r the 
ordinary po larisation  the opposite is  true. Thus mode se lec tion  
is  again possible, but the e ffe c t w ill not be as pronounced as in
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POLARISATION MODIFICATION OF TITANIUM 
INDIFFUSED WAVEGUIDES.
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the previous example. The resulting  waveguide i s  referred to by 
the acronym "TIPE" (Titanium Indiffused Proton Exchange).
Within the second category a v a rie ty  of geometries are again 
p o ss ib le :  some a re  i l lu s t r a te d  in f ig u re  1. To consider the 
e f f e c t  on d e v ic e  perfo rm ance  o f  v a r io u s  f a b r i c a t i o n a l  
c o n s id e ra tio n s  we re fe r  to f ig u re  4. L ig h t, i n i t i a l l y  of 
a rb itra ry  degree ard s ta te  of po larisa tion  propagates along the 
unmodified tita n iu m  in d iffu sed  waveguide. Upon reaching the 
in terface with the proton exchanged section, a certa in  fraction  
w i l l  be r e f le c te d ,  and the rem ainder e x c ite  the  modes of the 
second waveguide (proton exchanged se c tio n ). According to the 
le n g th , num erica l ap ertu re  (re f  14 ) and w idth o f the various 
waveguide s e c t io n s ,  a s i g n i f i c a n t  f r a c t i o n  o f  th e  l i g h t  
corresponding to  the o rd inary  p o la risa tio n  w ill diverge, while 
th a t aligned along the extraordinary axis w ill remain guided. The 
guided energy then  impinges on a fu r th e r  boundary, th is  being 
with a conventional titanium indiffused waveguide. According to 
th e i r  r e l a t iv e  a lignm ents, e i th e r  or both o f the orthogonal 
waveguide modes w i l l  be excited . Id e a lly , only  one mode o f the  
t ita n iu m  in d if fu s e d  guide w il l  c a rry  any energy, however a 
v a rie ty  of corrupting influences w ill ex is t to re -d is tr ib u te  the 
energy:
(i) Due to the  waveguide d is c o n tin u ity , a given f ra c t io n  of the 
energy incident upon each in terface w ill be reflected . This may 
be c a lc u la te d  using the fo llow ing equation . For in c id en t and 
reflected  f ie ld s  E one may w rite (ref 15):
oO
4 +  a r g '  ^  ^ C f e (  2.1
- »  -oo
The term s re p re se n t  from l e f t  to  r ig h t :  the  in c id e n t guided 
f ie ld , the re flec ted  guided f ie ld , the reflec ted  radiated f ie ld , 
the transm itted guided fie ld , and the transm itted radiated fie ld . 
Thus, depending on the r e la t iv e  magnitude of the various 
co effic ien ts , incident guided waves may be reflec ted  or give rise  
to transm itted radiation. The equation cannot however be solved 
for the general case, approximations being necessary (ref 15).
(ii) The modes of the individual sections, while being orthogonal 
w ithin themselves, w ill not necessarily  be mutually orthogonal.
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T his may g iv e  r i s e  to  p o l a r i s a t i o n  c o n v e rs io n  w ith  a 
concommittan t adverse e ffe c t on device performance
(iii)  non-perpendicular waveguide boundaries and rough waveguide 
edges w i l l  g iv e  r i s e  to  lo s s  ( r e f  16 ) and p o l a r i s a t i o n  
conversion (ref 17)
(iv) S c a tte r in g  c e n tre s  w ith in  the c ry s ta l  w i l l  g ive  r i s e  to 
increased  lo s s  ( re f  18) and p o la r is a t io n  coupling  due to  the  
anisotropic nature of the Rayleigh scattering .
(v) Non-coincidence of waveguide axes w ill give r is e  to increased 
loss and possibly  po larisa tio n  conversion.
I t  i s  a f e a t u r e  o f  a l l  th e  h y b rid  p o l a r i s e r a  so f a r  
described  th a t  the unwanted mode is  m erely d iv e r te d  and not 
absorbed. Thus s c a t te r in g  cen tres  w ith in  the  c r y s ta l  may re ­
couple the l ig h t  in to  the  guide. In a d d itio n , the  d ivergence of 
the unwanted mode may be such as to enable a s ig n ifican t fraction  
of the mode to be captured by the second guide.
To avoid these problems, the geometry i l lu s tra te d  in figure 
Ic is  proposed, vhereby the proton exchanged section consists of 
a U-shape. Thus th e  d ir e c t io n  of p ropagation  o f th e  guided mode 
is  a ltered  by 180° while the lig h t in i t i a l ly  in the unwanted mode 
continues undeviated in the substrate. Figure 5 i l lu s t r a te s  the 
various mechanisms which may reduce the e x tin c t io n  r a t io  and 
increase the excess loss of the device. Rayleigh backscattering 
w ill contribute to the former: the magnitude w ill depend on the 
fabrication  cond itions.
2.3 PerforMance o f Hybrid Proton Exchanged/ Titanium Indiffused 
Polarisers on LiltOg reported in literatu re
Papuchon (re f  13) has reported  an e x tin c tio n  r a t i o  of 30dB 
and an excess lo s s  o f IdB/cm (with unspec ified  experim ental 
error) using the device illu s tra te d  in figure la.
Findlaky and Chen (ref 19) have investigated devices using 
two sep ara te  1mm se c tio n s  of pro ton  exchanged guide in a 
discontinuous titanium  indiffused guide, obtaining an extinction 
ra tio  of 33dB with excess loss of 4.2dB. Subsequent annealing a t 
300Scfor 2 hours in a i r  reduced the  excess lo s s  to  0.8dB while 
leaving the ex tinc tion  ra tio  esen tia lly  unchanged. However, the 
au thors d id  not sp e c ify  the  masking co n d itio n s used fo r the 
annealing: as w ill be shown in section 2.5.3, th is  has a profound
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e ffec t on device performance.
2.4 Optimisation o f Hybrid P olarisers
I t  is  seen from reference to equation 2.1 th a t the waveguide 
geometries of the two sections w ill affect the ex tinc tion  ra tio  
and excess loss of both the s tra ig h t an! the U-shaped devives v ia  
both the effective  index and the optical fie ld  d is tr ib u tio n . To 
in v e s tig a te  the  v a r ia t io n  in  e x tin c tio n  r a t io  and excess lo s s  
w ith  waveguide width and len g th  o f proton exchanged s e c tio n  a 
s e r ie s  of p o la r is e r s  was fa b r ic a te d  according to  f ig u re  6. 
Modelling of the d ev ices i s  d i f f i c u l t .  Ihe beam p ropaga tion  
method (ref 20), which would be idea lly  suited to the descrip tion  
of the proton exchanged s e c tio n s  in is o la t io n  i s  a tw o- 
dimensional technique. Furtherm ore, i t  cannot cope w ith  ab ru p t 
changes in re frac tiv e  index along the propagation d irec tion .
A crude e s tim a te  of the  e f f e c t  on the e x tin c tio n  r a t i o  o f 
length of proton exchanged section for the s tra ig h t devices may 
be obtained from the  model i l l u s t r a t e d  in f ig u re  6. We assume 
th a t the mode corresponding to the ordinary po larisa tio n  is  not 
guided in the proton exchanged section, and th a t ^n^^O. The f ie ld  
emerging from the tita n iu m  in d iffu sed  guide is  rep re se n te d  as 
d iverg ing  from a p o in t source a t  an angle defined  by the  
num erical a p e rtu re  of the system . Simple ray o p tic s  shows th a t  
th is  maximum angle ©g is  given by:
f \ s  2.2
S u b s titu tio n  of ty p ic a l  v a lu es  fo r the o rd inary  p o la r is a t io n  
y ields © =3.8®. The model then gives for the ex tinction  ra t io ,
t  ^  2.3
Using a guide w idth of 5 m icrons, assuming s tep  in d ic e s , and a 
length of exchanged region of 1mm, we detain an ex tinction  ra tio  
of approximately 60dB.
From our sim ple model, we expect the e x tin c tio n  r a t i o  to 
increase  w ith leng th  of p ro ton  exchanged se c tio n , w hile  th e  
excess lo ss  should vary l i t t l e .  Provided the pro ton  exchanged
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se c tio n  supported only a s in g le  mode, we would a lso  expect th e  
excess lo s s  to be a minimum fo r some w ell defined  width of 
t ita n iu m  ind iffu sed  gu ide, a l l  o th e r  f  abr ic a tio n a l param eters 
remaining constant. In addition we would expect the excess loss 
to  be increased  by using a th re e -s ta g e  waveguide t r a n s i t io n  as 
i l l u s t r a t e d  in fig u re  7. W hile such an arrangem ent i s  n o t 
d esirab le , i t  w ill be d i f f ic u l t  to avoid overlapping of the two 
waveguide sections in p rac tice .
2.5 Experimental
2.5.1 Sample preparation and waveguide defin ition
Before the photolithographic process may proceed, a l l  traces 
of dust and grease must be removed from the substrate to be used. 
F a ilu re  to  do so w ill  r e s u l t  in  d is c o n t in u i t ie s  in the f in a l  
waveguide and poor adhesion of masking layers.
The lithium  niobate as supplied by the manufacturers was in 
the form of 1mm thick wafers, approximately 2" in diameter. Ihe 
m ateria l was supplied by Barr and Stroud Ltd an! was specified to 
be of op tica l quality. However, d i f f ic u lt ie s  with quality  control 
of sane batches of Z-cut m ateria l led to wafers being purchased 
from Crystal Technology Go, C aliforn ia . Since small samples were 
required, to avoid waste the wafer was cu t into smaller sections, 
these being approximately 2cm x 1cm. The cutting was performed 
w ith  a c ir c u la r  diamond saw, l u b r i ^ t e d  with Syton. At th is  
s ta g e , some samples ( u su a lly  Z-cut) were observed to  acquire  
c rack s  a t  approxim ately 45® to  th e  c u t. Such samples were 
discarded. During the cu tting  process, the sample was mounted on 
a g la s s  support, wax being used to  f ix  the two. The wax must be 
removed, in  add ition  to  any d u st which may accum ulate on the 
sample.
Cleaning proceeded by immersing the samples in concentrated 
sulgiiuric acid. Hydrogen peroxide was added fron a dropper with 
i t s  end held under the su rface  o f the acid . By adding the 
peroxide gradually, the temperature increase associated with the 
process could be controlled to reduce the risk  of thermal shock. 
Having added 20% by volume of the hydrogen peroxide, the mixture 
was allow ed to cool. The sample was then  tra n s fe rre d  to Analar 
acetone in a p la s t ic  beaker using m etal tw eezers and a g ita te d
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u ltra so n ica lly  for 5 minutes. Ihe sample was then transferred to 
a p la s tic  beaker of Analar methanol with p la s tic  tweezers and the 
a g i ta t io n  rep ea ted . Ihe lith iu m  n iobate  was t ra n s fe r re d  to  a 
clean p la s tic  beaker with fresh acetone and ag ita ted , followed by 
a fu r th e r  5 m inutes in m ethanol. At no tim e was the sample 
allowed e ith e r to  dry (to avoid e le c tro s t j lc  a ttra c tio n  of dust 
p a r t ic le s )  or to  come in to  c o n ta c t w ith  w a te r , where charged 
p a r tic le s  (ref 21) in the water may be a ttrac ted  to the cleaned 
c ry s ta l  su rfa c e . I f  more than one sample was to  be prepared a t  
the  same tim e , the same procedure was used, except th a t  
individual beakers were used to avoid the generation of p a rtic le s  
of lithium  niobate by abrasion. The sample was then transferred 
d i r e c t l y  from the methanol to a sp inner in  a c la s s  100 clean  
cabinet, where ro ta tion  a t 2,000 rpm for 20 seconds removed the 
rem aining m ethanol. P h o to re s is t (Shipley AZ1350J) was dropped 
using a sy ringe  w ith  a 0.2pm f i l t e r  to  g ive a th ic k  coating  o f 
the liqu id . Spinning with the same parameters followed.
The masks to  be used were sub jec ted  to  the  same c lean ing  
tre a tm e n t, except in the case of f e r r i c  oxide (tran sparen t) 
masks: t h i s  co a tin g  i s  d isso lved  by the ac id : per ox ide m ix ture. 
Hie f i r s t  stage was then replaced with scrubbing with detergent 
(Decon 90) and a p la s tic  sponge.
Transferring the coated samples in a closed p e tr i dish to a 
hotplate avoided contamination with dust p a rtic le s . Drying for 10 
m inutes on the h o t-p la te  preceded curing  a t  70®C. Standard 
contact p rin ting  and development procedures were used to define 
the waveguides.
2.5.2 Titanium Indiffused Waveguide Fabrication
E lectron  beam evaporation  o f a 500A film  o f Titanium was 
fo llow ed by standard  l i f t - o f f  processes. Hie completed samples 
were then diffused  in an atmosphere of flowing wet argon (21/min 
through w ater a t  70^C) for 9 1/2 hours, inc lud ing  a l in e a r  
in c rease  in tem pera tu re  from room co n d itio n s  fo r one hour, to  
lOOO^C. The sam ples were allowed to cool down in flowing wet 
oxygen for one hour, a fte r which no special environment was used. 
Hie se d iffusion  conditions are known to suj^ress outd i f  fusion of 
Li20 (re f  22,23) w hile the  d if fu s io n  tim e was known to  give a 
minimum in the in=plane scattering  loss of y-cut samples a t the
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temperature used. The con tro lle r and thermocouples used ensured 
r e p e a ta b i l i ty  of the tem pera tu re  from batch to  ba tch  o f + l^C. 
Following cleaning, the sample was then ready for the fab rica tion  
of the proton exchanged sections.
To ensure a su ffic ien t range of waveguide widths and lengths 
of exchanged se c tio n , a mask was used which had 3 s e ts  o f 
waveguides, within each se t the guide width varying from 2 to  10 
m icrons in 1 micron s te p s . The same mask was used fo r both 
tita n iu m  ind iffu sed  gu ides and pro ton  exchanged se c tio n s  to  
ensure accurate alignment for each waveguide. The mask had been 
m odified during the d e f in i t io n  o f the tita n iu m  in d iffu se d  
sections by the addition of R uby lith  s tr ip s , taperirg  in width, 
normal to the waveguides on the mask. The s t r i p s  tapered  from
0.5mm to  2mm over a 2cm length, thus enabling a range of gaps in 
the  titan iu m  in d iffu sed  se c tio n  to  be defined . The s t r i p s  were 
mounted cxi the non-contacting side of the fe rr ic  oxide mask. The 
s t r i p s  were then removed fo r the fa b r ic a tio n  o f the p ro ton  
exchanged sec tio n s  and a complementary s e t  of R uby lith  s t r i p s  
used to cover the rem ainder o f the  mask. The dim ensions of the  
l a t te r  were such as to allow 0.5mm overlap of the two sections a t  
e i th e r  end.
2.5.3 Fabrication of Proton Exchanged Waveguide Sections
F ab rica tio n  o f the p ro ton  exchanged se c tio n s  follow ed 
standard practice (ref 3). Hie cleaned samples were coated with 
approxim ately  1pm o f alum inium , th i s  being dep o sited  w ith  a 
conventional therm al evapora to r a t  1.0x10“  ^ mm Hg p re ssu re . 
Preparation of the photoresist proceded as previously described. 
The exposure was performed using a mask a lig n e r-th is  also allowed 
fine  control over the alignment of the mask with respect to the 
sample. The titanium  indiffused waveguides were fa in tly  v is ib le  
with a s lig h tly  de-focussed viewing microscope due to a s lig h t 
r a is in g  of the su rface  of the  aluminium in the reg ion  o f the  
guide with respect to the remainder of the substrate. This i s  due 
to  a corresponding "bump" on the su rface  o f the  tita n iu m  
in d iffu sed  lith iu m  n io b a te  ( re f  23). Following exposure and 
developm ent, the exposed aluminium was etched in standard  
aluminium etch  to rev ea l the  s u b s tra te  in th e  d e s ired  a re a s . 
Removal of the remaining p h o tres is t in acetone preceded the Li-H'*’
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exchange.
The pro ton  exchange was accom plished by immersion of the  
samples in molten pure benzoic acid a t  210®C for 30 minutes. The 
Ü shaped po larise rs were a l l  made using the same mask: however, a 
range o f d i f f e r e n t  d if fu s io n  tim es were used, vary ing  from 30 
minutes to 8 hours. The former were expected from data concerning 
s la b  gu ides to  be single-m ode a t  1.3 m icrons, w hile th e  l a t t e r  
should be strongly multimode. Following cooling, the samples were 
cleaned and polished  in the  normal way for e n d -f ire  e x c i ta t io n  
and subsequent te s t in g . At t h i s  s ta g e  the photographs shown in 
f ig u re  9 and 10 were taken. These show e x c e lle n t l a t e r a l  
a lignm ent between the two waveguide se c tio n s , but ra th e r  poor 
end-face quality . The corners are seen to be poorly defined with 
len s-lik e  structures resu lting .
Some dev ices were l a t e r  annealed . This p rocess invo lves 
ra is ing  the temperature of the substra te  for prolonged periods to 
allow the H"*" ions to re -d is tr ib u te  w ithin the la t t ic e .  Hie e ffe c t 
on the surface index is  minimal, while the in i t ia l ly  abrupt index 
change a t the boundary with the bulk sample becomes progressively 
more rounded with annealing time, to leave a ccxnplementary error 
function p ro file  (ref 10). Hie number of modes supported by such 
a guide w il l  be g re a te r  than fo r a non-annealed guide. Two 
s itu a tio n s  are possible for the annealing: the aluminium mask may 
be removed, in which case the d iffusion  takes place la te ra l ly  as 
well as v e rtica lly . A lternatively , leaving the layer in position  
prevents sign ifican t la te ra l  d iffu sion  due to the conductivity of 
the aluminium (ref 33). Hie devices to be annealed were heated to 
between 250° and 300°C fo r between 10 m inutes and 1 hour in a 
flowing wet oxygen atmosjiiere. A comparison of the fab rica tiona l 
s te p s  involved in the f a b r ic a t io n  o f proton exchanged and 
titanium  indiffused waveguides i s  presented in figure 8.
2.6 Testing of Integrated Optical P olarisers
Having fabricated integrated op tica l po larisers (of v^atever 
type) i t  i s  im portant to  dev ise  an accu ra te  method o f te s t in g  
them. Hiree parameters w ill be of in te re s t ,  namely:
(a) the extinction ra tio , ie. the d if fe re n tia l  attenuation of the 
two modes.
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(b) the insertion loss of the device,
(c) the  excess lo ss  o f the  d ev ice , i .e .  the  a d d itio n a l lo s s  o f 
th e  p o la r i s in g  s e c t io n  above th e  lo s s  o f  a c o n v e n tio n a l  
waveguide.
2.6.1 T esting procedures
Considering the po lariser in iso la tio n , the sim plest method 
of te s t i rg  is  to use lin e a rly  polarised  l ig h t, th is  being defined 
by bulk optical po larisers. Testing methods then include:
(i) using unpolarised input, and examining the in te n s itie s  in the 
two orthogonal output po larisa tions
(ii)  Using linearly  polarised inputs and examining the output in 
the p a ra lle l and orthogonal p o la risa tio n s  (th is is  equivalent to 
determining the Jones, and therefore the Stokes parameters of the 
device (ref 24)
( i i i)  using linearly  polarised inputs, and merely recording the 
output from the waveguide with e ith e r input po larisation .
(iv) using o p tic a l f ib re s  to  d e fin e  inpu t and output p a th s : the  
power in the two f ib re  o rthogonal modes may then be d e te c te d  
using a fib re  version of method ( i ) , ( i i ) ,  or ( i i i ) .
The insertion loss or excess lo ss  may be determined in the 
free-qpace excitation cases ( i ) , ( i i ) ,  and ( iii)  by comparing the 
tra n sm itte d  in te n s i t ie s  fo r the  dev ice  w ith the lo s s  o f the  
te s tin g  system when the device is  removed. Sim ilarly, in method 
(iv) the fib re  may be broken and the in ten sity  in i t ia l ly  incident 
on the device detected.
In  the con tex t of d e fin in g  p o la r is a t io n  modes o f o p t ic a l  
f ib r e  sen so rs , method (iv) would appear to  be the  most v a lid . 
However, in order to se lec t one of the fib re  modes for analysis, 
i t  w ill  s t i l l  be necessary to use a bulk op tical linear p o larise r 
between f ib re  output face and d e te c to r .  Thus the p o ss ib le  
advantages of the method may be lo s t. Throughout the experiments, 
method ( i i)  was used wherever p o s s ib le , as th i s  a ffo rded  a 
COTiplete description of the device performance.
2.6.2 Accuracy of measuring technique
High performance bulk o p tic a l  p o la r is e r s  re ly in g  on to ta l  
in te rn a l reflection  have an in tr in s ic  extinction ra tio  of about 
60dB. %us for an unpolarised laser source, any measurements o f 
device extinction ra tio  of approximately th is  figure, or g rea te r.
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must be regarded with caution. However, the la se rs  used in these 
experimaits a t  0.6328 and 1.15 micron wavelength were themselves 
l in e a r ly  p o la r is e d , the  bulk  p o la r is e r  a ligned  along the  same 
axis merely providing improved ectinction  of the unwanted mode.
2.6.3 Comparison o f methods ( i ) ,( i i ) ,  and ( i ii)
I t  i s  im portan t to  a s c e r ta in  whether methods ( i ) , ( i i ) ,  and
(iii)  are equivalent. The comparison is  essen tia l as a v a rie ty  of 
d ifferen t methods are used in the lite ra tu re .
The e f f e c t  o f an o p t ic a l  device or system on the  s t a t e  o f 
polarisa tion  of the l ig h t passing through i t  may be desribed by 
the Jones matrix for the system (ref 24,25). The descrip tion  may 
be extended to  d e sc r ib e  orthogonal waveguide modes in s te a d  of 
plane polarised lig h t. For input fie ld  amplitudes and Ey, the 
output fie ld  amplitudes and E*y are given by:
*^ 11 ^12
f !
Ex
1^21 *^ 22 w 2.4
The to ta l emergent power P w ill be given by:
2.5
The elan en ts  J^^ and J 2 2  give the transm itted fie ld s  in the two 
orthogonal modes, while the off-diagonal elements represent the 
c ro s s -s c a tte r in g  in to  the  unwanted modes. In g en era l fo r  a 
p o la r is e r ,  we w il l  a ttem p t to  make J 2 1  as c lo se  to  u n ity  as 
possible, while making a l l  other elements zero. I t  is  to  be noted 
th a t the formalism does not describe the degree of p o la risa tio n : 
for th is  i t  would be necessary to use the Stokes formalism and to 
make rather more complicated measurements (ref 24 ). Jones (ref 
26) has shown th a t  fo r a p o la r is e r  to  be used w ith  an o p t ic a l  
fib re  gyroscope, i f  the off-diagonal elements are non-zero, then 
the ir product must be equal to the second element on the leading 
diagonal. Since th is  includes phase terms, the condition w ill be 
d if f ic u lt  to achieve in p rac tice.
According to the experimental arrangement used, a v a rie ty
59
of d i f f e r e n t  com binations o f Jones m atrix  elem ents w il l  be 
determ ined. The e x tin c tio n  r a t i o ,  as defined by the r a t io  of 
the powers in the two modes re q u ire s  unpolarised  in p u ts , and 
analysis of the power present in the two orthogonal output modes.
This may be found i f  a l l  four elem ents of the im atrix  a re  known 
Thus comparing the outputs of the two modes in method (i) y ie ld s 
an extinction ra tio  based on the ra tio ;
0  v<i. 2.6
VJt,\
(the true  value). On the  o th e r hand, the four param eters 
determ ined from method ( i i)  may be used to determ ine the same 
r a t io .  I f  however method ( i i i )  i s  used, comparing the  two 
in te n s itie s  yields the ra tio  :
_  _  \ Z
+ v)<2.\
I f  th is  were erroneously  assumed to  be the tru e  v a lu e , th e
\ '
2.7
frac tiona l error introduced may be diown to be:
I t  i s  seen th a t  th i s  e rro r  w i l l  be zero i f  the  o ff-d ia g o n a l 
elements are both zero.
2.6.4 Summary
To obtain a s t r i c t ly  accurate measurement of the ex tinction  
r a t io  of a dev ice, i t  i s  n ecessa ry  to  use e i th e r  method (i) or
( i i ) .  I f  method ( i i i )  is  used, e r ro r  w il l  be in troduced , u n less  
th e re  i s  no c ro s s -s c a tte r in g  w ith in  the  device. Jones m a tr ic e s  
have been seen to afford a useful descrip tion of the e ffe c t of a 
device. However, no information on the po larisa tion  mechanism may 
be detained, and the degree of po larisa tion  is  not found.
While the above procedure d e e rib e s  the perform ance of th e  
po lariser with respect to lin ear po larisa tion  of input and output 
l ig h t , th is  may not give a complete indication of the performance 
when connected  to  an o p t i c a l  f i b r e .  T h is i s  due to  th e  
approxim ate d e sc r ip tio n  o f the  o p t ic a l  f ie ld s  as l in e a r ly  
p o la r i s e d  modes b re a k in g  down due to the w eakly-guiding
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approximation being v io la ted  (ref 27).
2.6.5 The v a lid ity  o f scaled measurements
In many th e o r ie s  and experim ental r e s u l t s  d e sc rib in g  
p o la r is in g  waveguides using s e le c tiv e  a ttenuation  of one mode, 
the ex tinction ra t io  is  expressed in dB/cm, or some other length- 
dependent f ig u re . When measuring the performance of in tegrated 
optical p o la rise rs  i t  may be necessary to compare the performance 
of dev ices o f d i f f e r in g  leng th s. I t  i s  th e re fo re  im portan t to 
determine whether, for example, doubling the length of a device, 
w ill  double the in s e r t io n  lo ss  and e x tin c tio n  r a t i o .  Two 
mechanisms w i l l  g e n e ra lly  opera te  w ith  the  r e s u l t  th a t  the  
p o s tu la te  w i l l  n o t be t r u e .  These a re  (i) th e  e f f e c t  o f 
r e f le c t io n s  from edges, and ( i i)  th e  c ro s s - s c a t te r in g  o f l ig h t  
(ref 28) between the two modes within the waveguides.
Z6.6 Corruption due to  cross-scattering
I t  is  well known th a t scattering of lig h t in an anisotropic 
m a te ria l i s  a lso  a n iso tro p ic  ( re f  29). This mechanism i s  
repsonsible for an ultim ate lim it in the p o larisa tion  maintaining 
a b i l i ty  o f a b i r é f r in g e n t  o p tic a l  f ib r e  (re f  29). In the 
following analysis i t  w ill be diown th a t scaling of measurements 
is  in v a lid  i f  (a) s c a t te r in g  is  p re se n t, and f u r th e r  (b) th is  
scattering  is  an iso trop ic  in nature. The model is  shown in figure 
11. A waveguide o f  leng th  L has a len g th  dx o f  s c a t te r in g  
waveguide a t  a d is ta n c e  x from the inpu t face . I f  a l l  sc a tte re d  
l ig h t  i s  s t i l l  guided by the f ib re  (the v a l id i ty  o f th is  
assumption depending cxi the numerical ^)ertu re  of the particu la r 
waveguide), and th e  lo s s  ra te  due to  s c a t te r in g  i s  K, w ith a 
f ra c t io n  R of the  sc a tte re d  l ig h t  being s c a t te re d  in to  the 
"wrong" p o la risa tio n , the a fraction KRdx of the incident l ig h t 
i s  c o n v e rte d  in to  th e  o rth o g o n a l p o l a r i s a t i o n .  T h is i s  
i l lu s t r a te d  in f ig u re  11. I f  the input f ie ld  am p litu des are 
and Ej^  then the emergent fie ld  amplitude in p o la risa tio n  a is :
r  r- I \ 2.9
and in p o la risa tio n  b:
^  2.10
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SCATTERING 
CENTRE IN 
ANISOTROPIC 
ENVIRONMENTEk
FIG 11 THE MODEL USED TO CALCULATE 
THE ELEMENTS OF THE JONES MATRIX 
DESCRIBING A WAVEGUIDE WITH DIFFERENTIAL 
MODAL ATTENUATION. AND ANISOTROPIC 
RAYLEIGH SCATTERING.
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Integrating ever the e n tire  length an! considering exc ita tion  and 
analysis with lin ear p o la rise rs  to determine the elements of the 
Jones matrix for the device, we obtain:
-A^ -AL
t ;, r  e  - K « e
- -
e - A
= ( e ^ e * ' )  
A -  B
viio. “ e  - K R e
Thus the e x tin c tio n  r a t i o  which in the  case  o f  no c ro s s ­
scattering  would be of the form:
constant x (A-B) 1 
is  now given by:
^ A-% 2.12
and i s  no longer p ro p o rtio n a l to  leng th . T herefo re , i f  th e re  i s  
Rayleigh s c a t te r in g  in the waveguide core , the  s c a t te re d  l ig h t  
from which i s  c a p tu re d  by th e  c o re , and th e  p ro c e s s  i s  
anisotropic, the measured ex tinction  ra tio  may not be scaled to 
y ie ld  a norm alised r e s u l t .  The e rro r  which would be in troduced  
from such a process w ill depend on the capture frac tio n  (ref 29), 
the an iso tropy  o f the s c a t te r in g ,  and the  l o s s - r a t e  due to  
s c a tte r in g  in the waveguide. The c ro s s -s c a tte re d  l ig h t  which 
would then have corrupted the measurement may not be apparent, as 
some l ig h t  s c a tte re d  in to  the low -lo ss  mode may be re -coup led  
back to the high-loss mode, and consequently suffer a lower to ta l  
attenuation than i f  i t  had continued un scattered in the high-loss 
mode.
The e f f e c t  of end-face  r e f le c t io n s  may be in v e s tig a te d  as
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fo llow s. L ight t r a v e l l in g  in the waveguide, when in c id e n t upon 
the waveguide end-fece w ill be reflected  according to the Fresnel 
form ulae (re f  14). The r e f le c t io n  c o e f f ic ie n t  w i l l  depend upon 
the p a r t ic u la r  mode, the  e f f e c t  o f t h i s  being included by 
replacing the refrac tive  in d ices w ith  e f f e c t iv e  in d ic e s , these  
either being determined experimentally (ref 21) or th eo re tica lly  
with an appropriate waveguide analysis. Using the data of Rauber 
(re f  30) fo r 1.3pm wavelength in z -cu t lith iu m  n iobate  and 
effective  indices for the m ultilayer struc tu re  to be described in 
chapter 4, the power re flec tio n  coeffic ien ts  become:
R^g=0.1437
Rt^ =0.1340
2.13
2.14
Referring to figure 11, i f  the attenuation ra te  for TE lik e  modes 
i s  A and fo r the orthogonal modes B, then the f ie ld  emerging in 
the TE po larisa tion  is
p lus h igher term s in r  , r°  e tc  which w il l  be too sm all to  be 
s ig n ifican t. If  the f ie ld  amplitudes are equal in the two modes, 
then the  e x tin c tio n  r a t io  i s  obtained from the  r a t io  o f the 
powers in the two modes, ie
-SAL - î ’.rvVL
2.16
Since the a tte n u a tio n  o f mode B ( the  lo ssy  mode) i s  la rg e , 
allowing the phase terms to assume values of +1 gives the range 
of ex tinction ra tio s  to be:
Ex. - 20'<x^ o
_ a L  - 3 / \ L  "1
e X 0-611 o oie
2.1^
Substitution of reasonable values for the two attenuation  rates
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shows th a t the frac tio n a l error induced by ignoring edge effects 
is  a t worst a small figure.
2.6.7 Experimental arrangement
The experim en ta l arrangem ent i s  i l l u s t r a t e d  in f ig u re  12, 
with figures 13 and 14 showing a typ ical experiment in progress. 
The ou tpu t from the ap p ro p ria te  la s e r  i s  in c id e n t upon a bulk 
optical po larise r. This was an air-spaced c a lc ite  device supplied 
by O ptics fo r  R esearch, using the Archard-Taylor m odification of 
the Glan-Poucault design, and had an in tr in s ic  ex tinction  ra tio  
o f 60dB (re f  31). L ight i s  then focussed v ia  a x40 microscope 
okgective ( not provided with an tire flec tio n  coatings optimised 
fo r any p a r t ic u la r  wavelength) onto the inpu t face  o f the 
waveguide under investigation. In order to be able to define the 
orthogonal p o la r is a t io n ,  a half-w ave p la te  op tim ised  fo r the 
particu lar wavelength being used could be in se r te d  between the 
l in e a r  p o la r is e r  and the o b jec tiv e . This was a ligned  w ith i t s  
ax is  a t  45® to the  a x is  o f the p o la r is e r  to ro ta te  the  plane of 
po larisa tion  by 90® (ref 25). Thus l in e a r ly  polarised lig h t with 
the e le c tr ic  f ie ld  vector either p a ra lle l or perpendicular to the 
op tical bench could be defined.
A corresponding o b jec tiv e  a t  the ou tpu t o f the  waveguide 
focussed the near f i e ld  p a tte rn  onto the  in f ra - re d  s e n s it iv e  
v id icon  tube of a Hamamtsu camera. A G lan-Poucault p o la r ise r  
could be in se r te d  between the o b je c tiv e  and and the  camera in 
o rd e r to  be a b le  to  an a ly se  th e  two o r th o g o n a l o u tp u t 
polarisations. Thus movement of the sample on i t s  mount enabled 
the tra n sm itte d  power to be optim ised  using the camera as a 
v isu a l a id . Although the in form ation  d isp layed  on the  screen 
could be s to red  fo r l a t e r  use in c o n s tru c tin g  p lo ts  o f o p tic a l 
in tensity , due to the time takm for th is  process the recording 
capab ility  was not used to determine the device performance.
I t  is  important to ensure that fluctuations in la se r output 
do not co rru p t the  measurement of the  e x tin c tio n  r a t io  and 
in s e r tio n  lo ss . A Pbotodyne double headed power m eter (model 
22XL) was th e re fo re  used to compare the i n te n s i t i e s  o f l ig h t  
tran sm itte d  through the  analysing system  and a f r a c t io n  of the 
i n i t i a l  l i g h t  t r a v e l l i n g  unim peded. The a rra n g em e n t i s
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i l l u s t r a te d  in f ig u re  12. The b e am sp litte r  should be in s e r te d  
between the p o la r is e r  and the input o b je c tiv e , o th e rw ise  
fluctuations in the p o la r isa tio n  o f an unpolarised  la s e r  would 
c o rru p t the m easurements. The s i tu a t io n  is  analogous to  the 
s e le c tio n  o f one s p a t ia l  mode o f a la s e r :  although th e  t o t a l  
power in a ll  modes may be constant, fluctuations in the p a r t i t io n  
o f the  power g ive  r i s e  to f lu c tu a t io n s  in the in te n s i ty  o f  th e  
single mode selected. This is  known as p a rtitio n  noise.
To obtain the extinction  ra t io , the transm itted in te n s i t ie s  
w ith  the input and output p o la r is a t io n s  both normal to  and 
p a ra lle l to the c ry s ta l surface are recorded. Ibe in te n s ity  i s  in 
each case monitored v isu a lly  using the Hamamatsu camera system 
prio r to taking the measurement. The cross-coupled power may be 
recorded in a sim ilar way. The insertion  loss may be determined 
by removing the in te g ra te d  o p t ic a l  device from i t s  mount, 
b ring ing  the two o b je c tiv e s  c lo se  to g e th e r, and reco rd ing  the 
tran sm itte d  power. S im ila r ly , th e  excess lo s s  may be found by 
recording the transm itted power v^en the polarising waveguide is  
replaced by a non-selective guide.
Throughout th ese  experim en ts, care should be taken to  
e lim in a te  s tra y  l ig h t  from th e  measuring in strum en t to  avoid 
corrupting the measurements.
Z6.6 Summary
A method for testing  integrated optical mode f i l t e r s  using 
l in e a r ly  p o la rise d  inpu t and ou tp u t p o la r is a tio n s  has been 
d escrib ed . A range o f d i f f e r e n t  m ^urem ents may be taken using  
the  system and used to fin d  th e  e x tin c tio n  r a t io  and th e  
in sertion  loss. I f  appreciable cross-scattering  is  present, the 
r e s u l t s  must be tre a te d  w ith  c a re , e sp e c ia lly  i f  they  a re  to  be 
compared with values published in the lite ra tu re .
In genera l, i t  i s  no t c o r r e c t  to norm alise the  e x t in c t io n  
ra t io  and insertion  loss to give a length-dependent figure.
2.7 Results o f measurements on hybrid T i/ po larise rs .
For each of the po larisera  fabricated , the ex tinction  ra t io  
and excess loss were determined. The former were measured using 
method (i^, ie using linear p o larise ra  a t input and output p o rts .
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while the la t te r  were found by comparing the lo ss  measurements 
fo r  the IM -like  modes w ith  those for an unm odified tita n iu m  
indiffused guide. This was fabricated using the same conditions 
as were used fo r the T i: in d iffu se d  se c tio n s  o f th e  hybrid 
device, although in a d iffe re n t process. The devices were tested  
a t  1.15 ^m wavelength, the source being a polarised Helium-Neon 
laser. Alignment of the end-fire  arrangement was aided by imaging 
the near f ie ld  p ro file  via a x40 objective into the v id icon tube 
of a Hamamatsu camera with associated electronics.
2.8 Experimental Observations
E x c ita tio n  of the waveguides followed standard procedures 
for end-fire coupling. However, some small d ifferences were noted 
compared with excita tion  of the unmodified guides.
For conventional guides, an optimum alignment between the 
focussed beam and the su b s tra te  e x is ts .  D isturbance o f the 
alignment from th is  position  decreases the transm itted power. For 
the s tra ig h t proton exchanged hybrid polar ise rs  however, several 
local minima were noted as the substrate was moved horizon tally  
or v e r t ic a l ly .  For example, in  the case o f a 6^m wide guide 
approxim ately  5 lo c a l maxima were seen. In no case  d id  the  
transm itted power compare well with tha t of the unmodified guide, 
and w ith  e x c i ta t io n  of the unwanted mode the mode p r o f i le  was 
c le a rly  v is ib le , a lb e it  with adjustment of the gain of the camera 
system.
For the U-^aped devices a modification of the experimental 
apparatus i s  requ ired . Due to  the  sm all se p a ra tio n  o f in p u t and 
output ports, i t  was not possible to use launching objectives to 
couple in and out of the device. However, with the m odification 
shown in f ig u re  15 i t  was p o ss ib le  to use o p t ic a l  f ib r e s  to  
perform these functions.
2.9 Q ualitative Results
The extinction ra tio s  measured for the s tra ig h t po larise ra  
were in general poor. Few devices exceeded 20dB, while the excess 
loss was always high, generally  above lOdB and in some cases as 
high as 20dB. No correlation  appeared to ex is t between extinction  
r a t io  and e ith e r  waveguide w idth or leng th  of p ro ton  exchanged 
se c tio n , the  measured v a lu es  appearing to  be random, b u t 
repeatable. Annealing under the conditions given in section 2.5.3
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y ie lded  l i t t l e  improvement in  excess lo s s ,  and a red u c tio n , 
rather than the predicted increase in ex tinction  ra tio .
The U -shaped d e v ic e s  w ere l e s s  s u c c e s f u l ;  a lth o u g h  
co n s id e ra b le  e f f o r t  was in v es ted  in an a ttem p t to  e x c ite  the 
w aveguides, no output power could be d e te c ted . Using the f ib re  
ex c ita tio n  rig  illu s tra ted  in figure  15 no returned lig h t could 
be observed from the dev ice , no m a tte r  what bend rad iu s  was 
se le c te d  or what exchange tim e was used. I llu m in a tio n  w ith 
v i s ib le  Helium Neon Laser l i g h t  revea led  pronounced ra d ia tio n  
from  th e  t i ta n iu m  in d if f u s e d -  p ro ton  exchanged waveguide 
boundary. Annealed devices showed no improvement. Ihe substra te  
was observed to be b r i l l i a n t l y  i l lu m in a te d , in d ic a tin g  th a t  a 
la rg e  amount o f energy was t r a n s fe r re d  to  the  su b s tra te  ra th e r  
than to the waveguide.
2.10 Quantitative Results
Although few trends were observed, selected data taken from 
the guides are shown, lyp ical v a ria tio n s  in extinction ra tio  with 
waveguide width are diown in figure 16: the coresponding excess 
lo s s  i s  a lso  shown. These r e s u l t s  correspond to  a device w ith  a 
gap length of 1mm. No obvious v a ria tio n  of extinction ra tio  with 
e ither waveguide width or with length of proton exchanged section 
were observed. Figure 17 shows a f u r io u s ly  high re su lt for the 
ex tic tion  ra tio  a t one guide width: although the value i s  high, 
th is  was not repeatable for other waveguides fabricated under the 
same c o n d itio n s . In a d d itio n , the  a sso c ia te d  excess lo ss  was 
10+3dB.
2.11 Discussion
The high in se r tio n  lo s s  fo r the s t r a ig h t  polar i s e r s  i s  
be lieved  to r e s u l t  frcxn sev e ra l causes. The ra d ia tio n  observed 
from the  end of the titan iu m  guide suggests  th i s  as a dominant 
lo s s  mechanism. I t  appeared to  be sym m etrical about the 
waveguide a x is , and could be caused by e i th e r  the le n s - l ik e  
struc tu res shown in figs 9 and 10, the rough end of the titanium  
in d iffu se d  waveguide, or the s p a t ia l  mismatch of the o p tic a l  
f i e ld s  ( re f  32). However, annealing  would c e r ta in ly  a l t e r  the  
l a t t e r  ( re f  10), the co n d itio n s used being known to have a 
d ras tic  e ffe c t on the waveguide properties.
This a lso  explains the poor r e s u l t s  fo r the U-shaped
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devices, where the same poor end-face quality  was observed and a 
large amount of forw ard-scattered radiation seen.
The poor ex tinction  ra t io  in a ll  cases i s  believed to re su lt 
from the multimode n a tu re  o f the proton exchanged waveguide. 
Evidence for th is  is  provided by the succession of lo ca l maxima 
observed when moving the substra te  re la tiv e  to the focussed beam. 
Annealing, w hile o f fe r in g  the  p o s s ib i l i ty  o f improved mode- 
matching in the single-mode case, would here merely increase the 
number of modes supported.
Ihe rough end of th e  titan iu m  in d iffu sed  waveguide is  
b e lie v e d  to  r e s u l t  from  p o o r ly  d e f in e d  c o rn e r s  a t  th e  
p h o to lith o g rap h ic  s ta g e , and a lso  from the l i f t - o f f  p rocess . 
L i t t le  work on th i s  appears to have been rep o rted  in  the 
l i t e r a t u r e ;  the v a s t m a jo r ity  of Ti;LiNbOg waveguides are  
subsequently polished for end -fire  or fib re  coupling.
The r e s u l ts  ob tained  here compare w ell w ith  those  of
Findlaky for the  e x tin c t io n  r a t io ,  while the  excess lo s s  i s
s ig n i f ic a n t ly  poorer. I t  i s  believed th a t  F indlaky l e f t  the 
aluminium masking layer in place during the exchange process and 
thus obtained su p e rio r l a t e r a l  confinem ent w ith  a sso c ia te d  
reduction  in excess lo s s . I t  i s  suggested th a t  fu tu re  work be
undertaken to investigate  the e ffec t.
I t  i s  a lso  suggested th a t  devices be made using a narrow 
(say lum) w id th  o f p ro to n  exchanged s e c t io n .  T h is  would 
necessitate two separate masks being made: preserving alignment 
between a large number of guides would then be d if f ic u l t .  Further 
work is  necessary  to in v e s tig a te  the v a r ia t io n  o f e x tin c t io n  
ra tio  and excess loss with fabrication  conditions.
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Chapter 3 The Theory o f 4 Layer Slab Waveguides w ith  Complex 
Refractive Indices and Isotrc^ic Waveguide Core and Cladding. 
3.1 Introduction
In order to be able to design e ff ic ie n t integrated op tical 
dev icesof any type, i t  i s  im portan t to  have a th e o re t ic a l  model 
on which to base decisions regarding fabrication  conditions.
In many integrated op tica l m odulators (re f 1,2) e le c tro d e s  
are used to induce re frac tiv e  index changes via the e lec tro -o p tic  
e f f e c t  (re f  3). To avoid high lo s s e s ,  d i e l e c t r ic  b u ffe r  la y e rs  
are used to separate the electrodes from the substrate (ref 2).
Metal c laddings have re c e n tly  been used w ith  d i e l e c t r i c  
b u ffe r  la y e rs  to  fa b r ic a te  f ib re  o p tic  and in te g ra te d  o p tic a l  
po larise ra  (ref 4,5,6). The s e le c tiv e  a tte n u a tio n  p ro p e r t ie s  o f 
such dev ices have been shown to  depend c r i t i c a l l y  on the 
d ie le c tr ic  and metal properties.
A theore tical model of in tegrated optical waveguides coated 
w ith  d ie l e c t r i c  and m etal la y e rs  would th e re fo re  be u se fu l, to  
o p tim ise  the dev ices to  achieve the  high mode-selective losses 
needed for po lar i s e r s  and the  low lo s se s  needed fo r m odulator 
systems.
Figure 1 shows a typical arrangement for a phase modulator 
using Z -cut lith iu m  n iobate . Marcuse (re f 7) has p resen ted  a 
th e o r e t ic a l  study of such a d ev ice , op tim ising  the th e o re t ic a l  
e ffic iency  from a knowledge of the o p tica l and e le c tr ic a l f ie ld s  
and th e ir  interaction. Unfortunately i t  is  impossible to analyse 
th e  o p t i c a l  f i e l d s  in  such a system  w ith o u t m aking 
approximations.
3.2 Exact and /^pcoximate Analytical Methods
Slab waveguides, with layers of e ith e r d ie le c tr ic s  or m etals 
may y ie ld  exact so lu tio n s  (re f  8) although not n e c e s sa r ily  in 
closed form (ref 9).
For an iso tro p ic  d ie l e c t r ic  rod of c irc u la r  c ro ss  se c tio n  
immersed in an iso trop ic  medium exact solutions are obtainable- 
th is  i s  of course the problem to be solved in describing a step- 
index op tica l fibre.
For more complicated geometries, approximate solutions are 
necessary, their accuracy being dependent upon the p a r t ic u la r
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application .
For a square waveguide in an iso trop ic  medium ^proxim ate 
solutions may be used with success, generally  provided th a t the 
mode under c o n s id e ra tio n  is  fa r  from c u t-o f f  ( re f  10). Such 
methods r e ly  on the  o p tic a l  f ie ld  being w ell confined  to  the 
waveguide core ( re f  10). U nfortunately  the  method may y ie ld  
in c o rre c t  r e s u l t s  when applied  to  m e ta l-c la d  d ev ices  (re f  11) 
An exact ana ly tica l solution for the propagation constant, v^ich 
w ill in general be complex, is  not possible (ref 12). Reviews of 
ajproximate methods of waveguide analysis are given by Yeh e t  a l. 
( re fs  12). Exact so lu tio n s  have been rep o rted  fo r f ib re s  with 
c irc u la r, homogeneous cores by Snitzer (ref 13). An analysis of 
an e l l ip t ic a l  fib re  was presented by Yeh (ref 14) in 1962. Goell 
(ref 16) reported a technique using a c ircu la r harmonic computer 
analysis, a technique which works well when the guide geanetry 
e x h ib its  sm all d e v ia tio n s  from c i r c u la r i ty .  M a rc a til i  has 
described  an approxim ate an a ly sis  o f re c ta n g u la r  homogeneous 
d i e l e c t r i c  waveguides, a technique s u i ta b le  fo r rec tangu lar 
guides which have the op tical fie ld  well confined to the core. A 
review of methods of dealing with ra d ia lly  inhomogeneous fib res 
has been g iven  by Yeh (re f  15).
In many waveguide problems found in integrated optics these 
methods may not be used due to com plicated r e f r a c t iv e  index 
d is t r ib u t io n s  and p r o f i le s  (ref 17). In a d d it io n , the  o p tic a l 
fie ld  may not be well confined to the core. This i s  the case for 
m eta l-c lad  p o la r is e ra  using su rface  plasma wave a tte n u a tio n  
resonance (ref 18). In order to deal with a general waveguide, i t  
is  necessary to reso rt to f in ite  element techniques, which place 
high demands on computer time and memory space (ref 12)
3.3 Model to be studied
C o n s id e ra b le  i n s ig h t  in to  mode s e le c t iv e  absorp tion  
mechanisms may be gained from considering  a "slab" waveguide. 
This w il l  serve two purposes. F i r s t ly ,  the in te r a c t io n  of the 
v a rio u s modes w ith  th e  m etal and d i e l e c t r i c  la y e rs  w ill  be 
understood, and secondly the resu lts  from the sim plified  model 
may be used to  g ive approxim ate design param eters for the 
fabrication  of rea l devices.
Due to the contradictory nature of many papers in the fie ld .
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i t  w ill  be necessary  to  p re se n t a b r ie f  summary o f  rep o rted  
investigations of m ultilayer slab and s trip e  guides.
3.4 Analytical techniques reported by other authors
The problem of a s tep -in d ex  4 layer system w ith  is o t ro p ic  
layers has bem studied by Polky and Mitchel (ref 19). They found 
th a t introduction of a d ie le c tr ic  buffer layer between the metal 
and the waveguide serves both to increase the a ttenuation for TM 
modes and to reduce i t  fo r TE modes. However, they  ob ta ined  
solutions for only one mode- described by them as the TMq mode. 
Rashleigh (re f  20) l a t e r  showed th a t  the au tho rs had neg lec ted  
the  e f f e c t  o f the su rfa ce  plasma wave (SPW) which may be 
supported a t  the m e ta l-b u ffe r  boundary (and indeed a t  any 
d ie lec tric -m eta l boundary). This may couple to  various modes of 
the un-clad guide w ith  d i f f e r in g  s tre n g th s , thus th e  TM 
attenuation depends on the mode order. Indeed, some modes show no 
coupling to the SPW whatsoever. Rashleigh points out th a t Polky 
and Mitchel were in fac t studying the IMj mode and th a t the TMq 
mode shows no a tte n u a tio n  peak under h is  c o n d itio n s . The 
ncxnenclature used here for the modes is  such th a t the TM^  mode is  
tha t of the d ire c tly  loaded guide (i.e. with no buffer). Solution 
of the appropriate transcendental equation has enabled Rashleigh 
to study the problem using m etals with both positive  and negative 
real parts of the ir p e rm ittiv ity  (ref 20,9).
Ihe slab guide with step  re frac tiv e  indices was also studied 
by Reisinger (ref 21)
Findlaky and Chen (re f  22) stud ied  both s lab  and s t r ip e  
diffused guides with exponential refractive  index p ro file s  in the 
diffused region from a theo re tica l standpoint. They describe the 
e f f e c t  on both the e f f e c t iv e  index and a tte n u a tio n  o f v a rio u s  
modes for d iffering  metal and d ie lec tr ic  overlays. They found a 
peak in a tte n u a tio n  for a l l  modes (TE and TM) a t  a f i n i t e  
d if fu s io n  dep th , and th a t  the a tte n u a tio n  d ecreases w ith  
increasing mode order, the opposite of the behaviour observed for 
step index guides. Ihey also draw the important conclusion th a t 
the e f fe c t iv e  index i s  in s e n s it iv e  to  v a r ia t io n s  in  th e  m etal 
th ickness when the l a t t e r  i s  more than a sm all f r a c t io n  o f a 
free-spaoe wavelength.
O liner and Peng (re f  23) subsequently  po in ted  out th a t
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c e r ta in  a sp e c ts  of F indlakys' a n a ly s is  were in c o rre c t. In 
p a r t i c u la r ,  they neglected the e f f e c t  o f the su rface-plasm on 
mode, which w il l  be the su b je c t o f a l a t e r  sec tio n . For th e  
planar case th is  did not a ffe c t the accuracy of reported re su lts . 
However, for the s trip e  gecxnetry, the previous authors* re su lts  
were rendered incorrect. In re a lity , a l l  IM modes are leaky.
Nosu and Hamasaki (ref 24) have studied the influence of the 
l o n g i t u d i n a l  p la sm a  wave (LPW) on th e  p r o p a g a t io n  
c h a ra c te r  i  St ic e s  of a 3 -lay e r system . They conclude th a t  below 
the plasm a wavelength, i t s  e f f e c t  may be neg lected  fo r a l l  TM 
modes except the lowest order IMQ-this being the surface plasma 
wave. For the la t te r ,  both the phase and attenuation constant are 
co n sid erab ly  overestim ated should the  LPW not be taken in to  
account.
Yamamoto e t al (ref 48) have investigated the 4-layer slab 
system , tak ing  in to  account the  SPW. Resonance phenomena a re  
observed fo r a l l  TM modes above the  fundam ental, ie  the 
a tte n u a tio n  i s  a maximum a t  some f i n i t e  b u ffe r th ic k n ess , 
decreasing with a lte ra tion  of th is  parameter. They also report a 
continuous transformation in the modes, such th a t mode IMq o f the 
guide w ith  a th ick  bu ffer lay e r becomes TM^  of the guide w ith 
d ire c t metal coating. They also describe approximate methods for 
determining the position and attenuation  of the absorption peak.
According to a simple theory of the d ie le c tr ic  properties of 
m etals, the perm ittiv ity  e and the conductivity C"for intraband 
absorption are given by (ref 11):
_ L r  1 -  
Eg
cr = YWp 3.2
where W^p=n^q^/gQm, n^ is  the free e lectron  density, m^  the free 
electron  density , y  an effective angular c o llis io n  frequency. Wp 
re p re se n ts  th e  bulk plasma angular frequency. Since the plasma 
frequencies of metals are in general small (ref 11) the real part 
o f the p e rm it t iv i ty  is  p red ic ted  to  be n eg a tiv e , a s i tu a t io n  
found in many real metals. Aluminium, s i lv e r ,  and gold f a l l  into 
the th is  category.
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However the conductiv ities are calculated, we may describe 
both a complex p e rm ittiv ity  ^  and a complex re fra c tiv e  index N* 
where
I *U 3.3n = o -V tR -  t
3.5
& =  I r k
or a lternative ly .
' L *  ( e S  f " )
3.7
h  3.8
The real and imaginary p a rts  of the complex p e rm ittiv ity  are not 
independent, being rela ted  by the Kramers-Kronig re la tio n s  (ref 
25). A m etal c lad  waveguide w ith  l in e a r ly  vary ing  r e f r a c t iv e  
index d iffe re n c e  was in v e s tig a te d  by Gar m ire ( re f  26). Masuda 
and Ko yam a (re f  30) d e sc rib e  the  e f f e c t  o f a b u ffe r  la y e r  o f 
s i l ic o n  d iox ide  of v a rio u s th ick n esses  on the modes o f a s lab  
guide using a l in e a r ly  vary ing  re f ra c t iv e  index in  th e  core  
region to approxim ate the r e a l  titan ium  in d iffu sed  waveguide 
p ro f i le  (re f  17). They conclude th a t  a l l  modes o f the  unclad 
guide e x h ib it a peak in  the curve of ab so rp tio n  vs. b u ffe r  
th ic k n e s s ,  and t h a t  th e  m agn itude  o f th e  a b s o r p t io n  i s  
independent o f the mode number. This c o n tra s ts  w ith  the  s te p  
index p ro f i le  used by R ashleigh. Masuda and Ko yam a considered  
only TM modes.
In order to gain as much useful information as possible from 
the  c a lc u la t io n s , we s h a l l  use the  model shown in  f ig u re  2. The 
substrate and waveguide w ill assume iso tro p ica lly  the appropriate 
r e f ra c tiv e  in d ic e s  o f li th iu m  n io b ate , any c ry s ta l  c u t  being 
allow ed, w ith  va lues fo r the o p tic a l c o n stan ts  taken from 
experim ental d a ta  in th e  l i t e r a t u r e .  A s im ila r  p rocess w i l l  be 
used fo r the m e ta ls . The v a lu es of the co n s tan ts  fo r the b u ffe r
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layer w il l  be allowed to  vary  to in v e s tig a te  th e i r  e f f e c t  on 
po larisa tion : the optimum values thus obtained w ill be compared 
with available m ateria ls a t  a la te r  stage.
3.5 Method
The method adopted w il l  be to so lve the tran sce n d en ta l 
equation for the 4 layer system for both TE and TM modes, (being 
a planar system , the  modes a re  pure TE or TM). P aram eters o f 
in te res t for both modes w ill be:
(i) the e f f e c t iv e  index, o r , i t s  e q u iv a le n t, the  p ropagation  
constant. In general, they w ill be a complex.
( ii)  the a tte n u a tio n , re la te d  to the im aginary p a r t  o f the 
refractive  index
(iii)  the op tical f ie ld  d is trib u tio n  within the waveguide.
The v a r ia t io n  o f a l l  th re e  w ith d if f e r in g  m eta ls  and o p tic a l  
p roperty  o f b u ffe r la y e r  w il l  be in v e s tig a te d . The d isp e rs io n  
equation for the system is  given by the following equation, th is  
being reproduced d ire c tly  from ref 2.0
• Vut\'
J
wWt K-,i=v(Te')
Z O
+ nTT
3.9
3.10
3.11
3.12
For g e n e ra l i ty ,  any o f the  p e r m i t t iv i t ie s  e^  ^ may be complex. 
Approximations are possible in given regimes- for example, Wright 
(ref 6) has form ulated an expression for the  a t te n u a t io n  of TM 
modes for thick buffer layers.
I t  i s  a lso  known th a t  the boundary between a m etal and a 
d ie le c t r ic  supports  a su rface  plasma wave, t h i s  being TM 
polarised (ref 31), with dispersion re la tio n  given by:
k "  V^ IRoc.2 
vi Irqc»
3.14
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3.6 Sur£aœ plasma waves
Surface plasma waves a re  members o f the  s e t  o f su rface  
polaritons: theses are waves which ex is t a t ths boundary between 
two media (ref 33,37). Surface plasma waves (SFWs) may be divided 
into several categories. Radiative SPWs can be excited d ire c tly  
with electromagnetic waves and, as pointed out by Otto (ref 31), 
are involved in phenomena such as p lasm a-resonance ab so rp tio n . 
N on-rad ia tive  SPWs on the o th e r hand cannot be ex c ited  by 
ra d ia tio n  t r a v e ll in g  in a d i e l e c t r i c  when t h i s  i s  bounded by a 
m etal w ith a smooth in te r f a c e . To understand t± i s ,  we re fe r  to 
f ig u re  3. A m etal o f complex p e rm it t iv i ty  E* i s  a d jacen t to  a 
d ie le c tr ic  with perm ittiv ity 'll^ , which in pÿ6tice is  lik e ly  to  be 
rea l. The dispersion re la tio n  i s  given by equation 3.14, or from 
r e f  31:
j n
I.
3.15
This c la ss  of SPW c o n s is ts  e n t i r e ly  of evanescent waves, and 
therefore does not emit l ig h t. I t  can be shown (ref 31) th a t for 
these solutions of the wave equation to be physically  meaningful 
the jfollowing conditiop must be met:
Thus the #iase velocity
\JA -- liL c
' h  yV’’-
The phase v e lo c ity  of the wave excited  a t  the boundary between 
the two media is
vrfiich w ill always be greater than the velocity  of the SFW for a 
propagating wave. In other words, coupling of radiation  from the 
d ie lec tr ic  to the SPW is  not possible for physical solutions of 
the wave equaticxi.
If  however a d ie le c tr ic  layer with re frac tiv e  index n^  ^ le ss
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than th a t  o f the  bulk  d i e l e c t r i c  i s  in troduced  a t  th e  boundary, 
and i t s  r e f r a c t iv e  index is  then the phase v e lo c ity  a t  the 
boundary w ill be:
_ C   c _ C  _
The SPW a t  the boundary has phase v e lo c ity  c /n ^ , and a wave may 
not be ex c ited . The ex ac t angle requ ired  fo r coupling  w il l  thus 
depend on the p ro p e r t ie s  of the d i e l e c t r i c  and the m eta l. In a 
m ultilayer waveguide, the effective  index w ill be determined by 
the va rio u s c o n s t i tu e n t  la y e rs :  in  genera l only  one e f fe c t iv e  
index w i l l  g ive r i s e  to  coupling w ith  the  SPW. O tto (re f  34,35) 
has used the technique w ith a prism  coupling arrangem ent to 
demonstrate experimentally the phenomenon. I t  i s  noted th a t the 
bulk metal may be replaced with a film  ^prox im ately  lOOOA thick 
with no m odification of the theory.
I f  however the thickness of the metal film  is  reduced below 
a c r i t i c a l  th ic k n e ss , a v a r ie ty  of e f f e c ts  w i l l  be seen. Otto 
(ref 34,35) observed resonance in the absorption charac te ris tic s  
of waves excited  a t  th e  boundaries o f a s i lv e r  f ilm  mounted 
between two iden tical d ie le c tr ic s . He observed w^ resonances with 
low a t t e n u a t io n  c o rre sp o n d in g  to  a n t i - s y m m e tr ic  charge  
d i s t r ib u t io n ,  w hile  the w_ had high a tte n u a tio n  and symmetric 
charge d is trib u tio n . Modified Fresnel formulae were used to model 
the phenomeion. Otto then re fe rs  to the wave excited a t the bulk 
m e ta l /d ie le c tr ic  boundary as the Wj wave. Otto a lso  p o in ts  out 
tha t the waves may be excited without a low-index buffer layer i f  
a rough su rface  i s  used (re f 31). Other workers have confirmed 
the phenomenon by observing ligh t radiated from SPWs on aluminium 
film s (ref 36)
Other authors (ref 38) have referred to the two modes as the 
long-range an3 short-range surface plasmon. The long range SPW is  
of co n sid erab le  i n te r e s t  fo r n o n -lin ear work due to  the la rge  
f i e l d  e n h a n c e m e n t a s s o c i a t e d  w i th  th e  e f f e c t  ( r e f
3 8 ,3 9 ,4 0 ,4 1 ,4 2 ,4 3 ) . C ra ig  e t  a l  ( r e f  42) have cyéerved 
experimentally the lorg range surface plasmon, detecting a range 
63 times greater than th a t for the w^  wave.
A range of methods are available for the excita tion  of SPWs 
with rea l sources. Those most commonly found are referred to by
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than th a t  o f the  bulk d i e l e c t r i c  i s  in troduced  a t  the  boundary, 
and i t s  r e f r a c t iv e  index i s  n ^ , then  the phase v e lo c ity  a t  the 
boundary w ill be:
_ C   ^ _ C  _
The SPW a t  the boundary has gbase v e lo c ity  c/nj^, and a wave may 
not be ex c ite d . The exact angle req u ired  fo r coupling w il l  thus 
depend on the p ro p e rtie s  o f the  d i e l e c t r i c  and the m etal. In a 
m ultilayer waveguide, the e ffec tiv e  index w ill be determined by 
the v a rio u s c o n s titu e n t la y e rs :  in  g en era l only one e f f e c t iv e  
index w i l l  g ive r is e  to  coupling w ith  the  SPW. Otto (re f  34,35) 
has used the technique w ith  a p rism  coupling arrangem ent to 
demonstrate experimentally the phenomenon. I t  is  noted th a t the 
bulk metal may be replaced with a film  approximately lOOOA th ick  
with no modification of the theory.
I f  however the thickness of the metal film  is reduced below 
a c r i t i c a l  th ick n ess , a v a r ie ty  o f e f f e c ts  w il l  be seen. O tto 
(ref 34,35) observed resonance in the absorption ch arac te ris tic s  
of waves excited  a t the boundaries o f a s i lv e r  film  mounted 
between two identical d ie le c tr ic s . He observed w  ^ resonances with 
low a t t e n u a t io n  c o rre sp o n d in g  to  a n ti- s y m m e tr ic  c h a rg e  
d i s t r ib u t io n ,  w hile the w_ had high a tte n u a tio n  and symmetric 
charge d is tribu tion . Modified Fresnel formulae were used to model 
the phenomenon. Otto then re fe rs  to the wave excited at the bulk 
m e ta l /d ie le c tr ic  boundary as the  w  ^ wave. Otto a lso  p o in ts  ou t 
tha t the waves may be excited without a low-index buffer layer i f  
a rough su rface  is  used (re f 31). Other workers have confirm ed 
the phenomenon by observing lig h t radiated from SIWs on aluminium 
film s (ref 36)
Other authors (ref 38) have referred  to the two modes as the 
long-range and short-range surface plasmon. The long range SPW is  
of co n sid erab le  in te r e s t  fo r n o n -lin e a r  work due to the la rg e  
f i e l d  e n h a n c e m e n t a s s o c i a t e d  w i th  th e  e f f e c t  ( r e f
3 8 ,3 9 ,4 0 ,4 1 ,4 2 ,4 3 ). C raig  e t  a l  ( r e f  42) have o se rv ed  
experimentally the long range surface plasmon, detecting a range 
63 times greater than that for the w  ^ wave.
A range of methods are available  for the excitation of SPWs 
with rea l sources. Those most commonly found are referred to by
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Sarid (ref 38) as the Otto, Kretschmann and modified Kretschmann 
(or Sarid) geometries: a l l  three are i llu s tra te d  in fig  4
Many uses have been put forward fo r the  SPWs (re f  46,47), 
including non-linear op tics, chemical sensing, solar energy (ref 
44)%. fo r p o la r is e ra  (re f 45).
3.7 Implementation
The computer a n a ly s is  was to  be performed on the GEC4090 
computer a t  the  R utherford Appleton L ab o ra to rie s , t h i s  being  
accessed by a telephone l in e ,  and, in  tu rn , the GEC4180 a t  
Glasgow. As some errors had been reported with the more v e rs a ti le  
F o rtran  4 language, the a lgo rithm  was w ritte n  in F ortran  77. A 
flow c h a r t  o f the com putation i s  shown in f ig u re  5, d e sc rib in g  
the method used to obtain one mode of the guide.
3.7.1 Basic algorithm
Using the "NAG" package a v a ila b le  on the GEC com puter, 
e f f i c i e n t  i t e r a t i v e  m ethods a re  a v a i la b le  to  so lv e  N 
transcendental equations in N variab les. We may regard the rea l 
and im aginary  p a rts  of equation  3.9 as two independent r e a l  
equations, v^ich may then be solved. The parameter to be returned 
is  the complex propagation constant, the rea l p a rt describing the 
phase of l ig h t propagating through the guide, the imaginary p a rt 
d e sc rib in g  the  a tten u a tio n . The f i r s t  se c tio n  o f the program 
defines the values of the op tical constants to be used. The user 
may se le c t any given c rysta l cut of lithium  iniobate, and e ith e r 
alum inium , s i lv e r ,  or go ld , two d i f f e r e n t  s e ts  of da ta  being 
a v a ila b le  fo r the l a t t e r .  Step in d ic e s  are assumed fo r th e  
waveguide core and su b s tra te . The r e f r a c t iv e  index of the 
substrate  i s  determined v ia  in te rp o la t iv e  ro u tin e s  for a g iven 
wavelength in a subroutine. High accuracy of the in terpolant a t  
e x tre m e s  o f  d a ta  i s  en su red  by th e  use  o f  c u b ic  s p l in e  
i n t e r p o la n t s  ( r e f  49), NAG r o u t in e  EOIBAF d e f in in g  th e  
in te rp o la n t ,  with E02BBF in te rp o la t in g  the  data  for a given 
wavelength. The index is  assumed to be rea l. The user may se lec t 
a d e fau lt refractive  index difference between core and cladding 
o f 5x10”^, (assumed to be the same fo r both o rd in ary  and 
extraordinary polarisations) or inpu t a d i f f e r e n t  value. Having 
selected the metal to be used, the re fra c tiv e  index (complex) is  
in terpolated usirg another cubic s p lin e  in te rp o la n t. Where the
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c a lc u la t io n  re q u ire s  the p e r m i t t iv i ty ,  i t  i s  evaluated  using 
equations 3.5 and 3.6. Other pa ram eters  to  be se lec ted  a re  th e  
mode (TE or IM), thickness of the core and buffer layers, and the 
r e f r a c t iv e  index of the  l a t t e r .  Complex r e f r a c t iv e  in d ic e s  a re  
also perm itted for the buffer layer.
Having in it ia lis e d  the various param eters, an in i t i a l  guess 
fo r  both the  a tte n u a tio n  and e f f e c t iv e  index are inpu t. I f  both 
guesses a re  s u f f ic ie n t ly  c lo se  to a ro o t to allow  convergence, 
and the NAG ro u tin e  C05NBF to  find  the so lu tio n s , the re s u l t in g  
v a lues o f the  propagation c o n s tan t and a tte n u a tio n  a re  o u tp u t. 
Ihe equations to be solved are specified  in an external function 
(ref 49). The routine allows up to 400 non-convergent i te ra tio n s  
before  re p o rtin g  an e r ro r ,  in  which case  the i n i t i a l  guess fo r 
e ither the attenuation or propagation constant, or both, must be 
re-selec ted  and the process repeated.
Due to the periodic nature of the tangent function, the mode 
number may no t be input d i r e c t ly .  Thus to  o b ta in  so lu tio n s  fo r 
a l l  modes guided by the system, a range of in i t i a l  guesses must 
be used. The e n t i r e  process must be rep ea ted  fo r the orthogonal 
s e t  o f modes (TM or TE). In d iv id u a l runs o f the  program take a 
few seconds; however considerable time would be ^ n t  in choosing 
s u i ta b le  s ta r t in g  values fo r a l l  modes, th u s  a more e f f i c i e n t  
solution is  sought.
3.7.2 Automatic solution
The program used to investigate the 4-layer ^ t e m  was the 
program "HUNTER", th is  being based on a m o d ifica tio n  o f the  
above program. Ihree important d ifferences are noted:
(i) Having decided which c ry s ta l  c u t was to  be used, i t  was 
p o ss ib le  to  r e - i n i t i a l i s e  the o p t ic a l  c o n s tan ts  fo r both guide 
and s u b s tra te .  Thus both TE and TM modes could be obtained from 
one "run" of the program
( i i)  A range of i n i t i a l  guesses were used in an autom atic  
procedure, with those for the propagation constant ranging from 
5x10*3 j->g]^ ow th a t  of the co re , to  5x10*3 above th a t  o f the 
s u b s tra te . To use i n i t i a l  va lues ranging only between the  core 
and su b s tra te  would be s u f f ic ie n t  fo r th ic k  buffer la y e r s ,  
however as th is  parameter is  reduced, the roots may l ie  outside 
these  l im i t s ,  ^ p ro x im a te ly  150 i n i t i a l  guesses are  used, the
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r e s u l ta n t  ro o ts  only being p rin ted  ou t i f  they  d i f f e r  from a 
previous so lu tio n  by a sp e c if ie d  amount. Thus fo r a given 
waveguide system  a l l  TE and TM modes may be found, the  program 
then taking approximately 5 minutes to run.
( i i i )  Since i t  w i l l  g e n e ra lly  be d esired  to  in v e s tig a te  the  
v a r ia tio n  of a tte n u a tio n  and e ffe c tiv e  index with buffer layer 
thickness, the en tire  (modified) program was a u to m a tic a lly  run 
for a pre-de te r  mined range of buffer thicknesses.
In summary, the  user d e fin e s  the guide th ic k n e s s , b u ffe r  
index, metal and crysta l to be used, and wavelength. Ihe program 
then returns, for a number of buffer thicknesses, the e ffec tiv e  
in d ices  and a tte n u a tio n s  fo r each guided TE and TM mode. The 
program in th is  f in a l version takes ajproximately one hour to run 
for each waveguide system.
3.7.3 Optical constants o f d ie lectr ic  and metals
The d a ta  fo r l ith iu m  niobate were taken from Rauber (re f  
50). A p prox im ate ly  30 v a lu e s  fo r  bo th  th e  o rd in a r y  and 
extraordinary indices were available in the wavelength range 0.4 
to  3.0 m icrons. While t h i s  range exceeded th a t  l ik e ly  to  be 
encountered in p ra c t ic e ,  the increased range le n t  increased  
accuracy to the in terpolant used (ref 49)
A wider choice of d a ta  are  a v a ila b le  fo r the o p t ic a l  
constan ts  o f m eta ls . Weaver e t  a l (re f 25) have review ed the  
published l i t e r a t u r e  fo r many m etals. We w il l  consider m eta ls  
which are easily  evaporated under laboratory conditions and which 
have negative real parts of the ir pe rm ittiv ity  in the wavelength 
region of in te r e s t .  Aluminium, gold and s i lv e r  f a l l  in to  th is  
category. Unfortunately, the reported data for many m etals d iffe r  
w idely fo r both re a l and im aginary p a r ts :  fo r a com prehensive 
bibliograhy the reader is  referred to ref 25. In p a rtic u la r, the 
optical properties vary with the quality  of the surface: s tra in , 
oxide la y e rs  and c r y s t a l l i n i ty  a l l  c o n tr ib u te  to c o rru p t th e i r  
measurement. Weaver has selected the data which were collected 
under the c lo sest conditions to ideal.
3.7.4 Determination o f attenuation and e ffectiv e  indices o f SFWs
I t  was also desired to investigate the surface plasma waves 
supported a t the boundary between a d ie le c tr ic  and a metal. The 
program "PLAS" evaluates these quantities for a given rea l metal
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(using the same d a ta  as fo r the program "HUNTER"). A range o f 
p e rm ittiv itie s  of d ie le c tr ic  between 1 and 100 was autom atically 
used and a la rg e  number of i n i t i a l  e s tim a te s  fo r the two 
q u a n ti t ie s  used. I t e r a t iv e  methods, as described  in previous 
sections, may then be used to evaluate the root of equation 3.14. 
The program was not e ff ic ie n t due to the large number of in i t ia l  
guesses needed fo r the  autom atic so lu tio n . The o u tp u t from the  
program was in  a form su ita b le  fo r au tom atic  p lo tt in g  of the 
re le v an t graphs using the program "PLASPLOT". Production o f a 
complete graph took approximately three hours.
3.8 R esults
The da ta  from the program are  ou tpu t in  num erical form: 
subject to sa tis fac to ry  inspection, they may then be presented in 
graphical form using the program "MULTPLOT" which allows the data 
from up to 8 modes to be presented on the same graph.
As 5 d i f f e r e n t  s e ts  of da ta  r e la t in g  to the m etals are 
a v a ila b le  w ith  th i s  im plem entation o f the  program , w ith th ree  
d i f f e r e n t  c ry s ta l  c u ts  and an i n f in i t y  of cho ices fo r guide 
th ick n ess , b u ffe r  index and wavelength, a la rg e  amount of data  
were generated . In the sec tio n s  to  fo llo w , the  genera l trends 
associated with each phenomenon w ill be presented in graphical 
form. Numerical va lues of the fe a tu re s  o f in te r e s t  w ill  be 
extracted and presented in tabular form.
A summary o f a l l  r e s u l ts  i s  g iven in ta b le  3: here the 
bu ffer th ick n ess  corresponding to  maximum TM a tte n u a tio n  i s  
p re s e n te d , to g e th e r  w ith  th e  c o rre sp o n d in g  TM and TE 
attenuations.
3.8.1 Variation o f attenuation with buffer thickness
Figure 6 shows fo r several TM modes th e  v a r ia t io n  in 
a tte n u a tio n  and e f fe c t iv e  index w ith  th ic k n ess  o f the buffer 
layer. The system  used for th is  graph used waveguide and 
substrate indices corresponding to those of lith ium  niobate, with 
buffer index of 2.0 and aluminium cladding. The guide thickness 
was 4.0 microns. The description of the modes follows Masuda (ref 
30). The a tte n u a tio n  of TM modes v a r ie s  so s tro n g ly  w ith th is  
param eter th a t  a double logarithm ic  sc a le  i s  needed to p resen t 
the da ta .
For a su ff ic ie n tly  thick buffer layer, the lo ss for both TE
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and TM modes is  small (say O.ldB/cm). (Note- th is  represents loss 
due to absorption-scattering is  neglected in the model). As the 
th ic k n e ss  i s  reduced, the  TE lo s s  in c reases  m onotonically  to  a 
maximum value, th i s  always being fo r zero bu ffer th ic k n e ss , or 
for the metal being in contact with the waveguide. The TM modes 
however are  more complex in  th e i r  behaviour. One mode, TM^  
increases in loss with decreasing buffer thickness. This mode is  
the Surface Plasma Wave (SPW). All other TM modes show a peak in 
the  abso rp tion  of the wave, the  a tte n u a tio n  being sm a lle r fo r 
zero buffer thickness than a t the peak.
The effective index is  seen to charge in a simple manner for 
IE modes while the TM modes diow an abrupt change in the v ic in ity  
o f th e  absorp tion  peak. With decreasing  bu ffer th ic k n e ss , the  
e ffec tiv e  index increases f i r s t  gradually and then abrubtly. At a 
w ell defined thickness, the mode continues with a much reduced 
index, which increases f i r s t ly  abruptly  and then more gradually. 
I t  is  seen that the modes interchange a t th is  c r i t ic a l  thickness, 
the TM^ _ 2  mode of the guide with th ick  buffer layer becoming the 
TM  ^mode of the same guide w ith  zero  b u ffer th ick n ess. The TMq 
mode of the d irec tly  coated guide coresponds to the TM_^  or SRV 
of the guide with thick buffer.
Two conclusions may im m ediate ly  be drawn: fo r  a phase 
modulator, thick buffer layers are necessary to avoid undue loss 
(although th is  a c tio n  may r e s u l t  in  reduced e ff ic ie n c y ) , w hile 
fo r a mode f i l t e r ,  a w ell d e fin e d , reduced, th ick n ess  i s  
requ ired .
3.8.2 E ffect of Variation o f Buffer Index
Figure 7 i l l u s t r a t e s  the  v a r ia t io n  in a tte n u a tio n  w ith  
buffer thickness for several buffer indices. Figure 8 i l lu s tr a te s  
the same data but with the horizontal scale altered to show more 
c le a r ly  the resonance phenomenon. Figures 9 and 10 show the 
e ffec tiv e  indices associated with TE and TM modes in the region 
o f the  mode t r a n s i t io n s .  I t  i s  seen th a t  w ith reducing bu ffer 
index, the thickness corresponding to  maximum absorption for TM 
modes becomes sm aller, while the magnitude of the absorption also 
decreases. TE modes show a reduction in attenuation with reducing 
b u ffe r  index.
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3.8.3 E ffect o f Variation o f Wavelength
No simple v a ria tio n  of attenuation with wavelength i s  seen; 
th is  re su lts  from the complex varitio n  of the re fra c tiv e  indices 
of the metals and the lithium  niobate in the wavelength region of 
in te re s t .
T ab le  1 shows th e  v a r i a t i o n  in  TM a t t e n u a t io n  w ith  
wavelength for the 4-layer system with aluminium cladding and a 
buffer index of 1.9 on Z-cut Y-propagating lithium  niobate. I t  is  
seen th a t the TE losses are ajproximately proportional to the TM 
lo s se s , being a maximum a t  0.7 m icrons. With increasing  
wavelength the TM attenuation  decreases, u n til the attenuation a t  
L^m  is  one-tenth of th a t a t 0.7 microns. This suggests the use 
of the systems in wavelength demultiplexers.
3.8.4 V ariation  o f A ttenuation o f SPW w ith  P erm ittiv ity  o f  
D ielectric
Fig 11 shows the  v a r ia tio n  of a tte n u a tio n  and e ffe c tiv e  
index of surface plasma waves a t a m eta l-d ie lec tric  boundary. Uie 
metal used was aluminium, and the wavelength 0.633 microns. I t  is  
seen th a t  for in c reas in g  p e rm it t iv i ty  the  a tte n u a tio n  also  
in c re a se s , g e n e ra lly  w ith  an increase  in e f f e c t iv e  index. The 
properties of the SPW are seen to vary strongly with properties 
of both the metal and the d ie lec tric .
3.9 D iscussion
The need for a theo re tical model describing the e ffec ts  of 
m etal overlays on in te g ra te d  o p tic a l  waveguides has been 
e x p la in e d . The problem  has been shown to  be in s o lu b le .  
Approximations taking into account the la te r a l  confinement of the 
l ig h t  have been shown to be u n su itab le . Slab m odels, y ie ld ing  
exact solutions have been used with step  indices to investigate 
the behaviour of the various modes present.
Although s te p  in d ices were assumed, th e  v a lu es  o f the 
r e f r a c t i v e  in d ic e s  used were based  on th o se  d e te rm in e d  
experim en ta lly  fo r re a l  waveguides, w ith  the  excep tion  of the  
bu ffer lay e r . This was allowed to assume a rb i t r a r y  values in 
order to in v e s tig a te  the e f fe c t  on the  a tte n u a tio n s  o f the 
various modes.
For a su itab le  range of buffer indices, the IM modes show a 
resonance in th e i r  a tte n u a tio n . This occurs a t  a th ick n ess  o f
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Table 1 A tten u a tio n  fo r TE and TM modes o f 4 -lay e r  s la b  guide. 
Buffer index = 1.9, m etal- aluminium. C rysta l- Z-cut Y-prop.
Wavelength
(Microns)
0.6
0.7
0.8
0.9
1.0  
1.1 
1.2
1.3
1.4
Cptimium 
Buffer 
Thickness 
(nm) (nearest 
20 )
40
40
40
60
60
60
60
60
60
IM attenuation 
(dB/cm)
953
1544
3316
342
474
304
250
211
186
Corresponding 
TEq mode 
Attenuation
(dB/cm)
1.43
2.09
1.27
1.02
0.65
0.54
0.50
0.47
0.44
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buffer layer which depends on the metal indices, wavelength and 
other dimensional and physical parameters. The magnitude o f the 
attenuation is  high-up to 500dB/cm. The TE modes do not diow th is  
resonance, th e ir  a tte n u a tio n  d ecreasin g  m onotonically  w ith  
increasing buffer layer thickness.
For a s u f f ic ie n t ly  h igh  b u ffe r  th ickness , TM and TE 
attenuations may be reduced below IdB/cm. The required thickness 
reduces with decreasing buffer index, but diould be above 0.2um 
for an index of 2.0 fo r the system  stud ied  here i f  s ig n i f ic a n t  
d i f f e r e n t i a l  a tte n u a tio n s  a re  to  be avoided. These r e s u l t s  a re  
th e re fo re  im portant fo r th e  d esig n  o f in te g tra te d  o p t ic a l  
modulators.
In order to design integrated op tical mode f i l t e r s ,  carefu l 
control over buffer layer parameters i s  essen tia l. A maximum in 
TM mode a tten u a tio n  fo r a l l  modes (although g e n e ra lly  only  the 
TMq mode of the unclad guide w ill  be of interest) is  observed a t  
a f i n i t e  buffer th ick n ess. The e x tin c tio n  r a t io  i s  given to 
approximately 0.1% accuracy by the TMq attenuation. The 1/e width 
o f the  resonance is  sm a ll, and the  m anufacturing to le ra n c e s  on 
the buffer thickness w ill be s t r i c t  as the device length w ill be 
minimised to reduce p a ra s itic  TE lo ss .
The e f fe c t  o f v a r ia t io n  in  guide th ickness w ith  a l l  o th er 
parameters remaining constant i s  i llu s tra te d  for one particu lar 
system  in tab le  2. In th i s  case  i t  i s  seen th a t  increas ing  th e  
guide th ickness r e s u l ts  in a red u c tio n  of the a tte n u a tio n  fo r 
both modes. D etailed  c o n s id e ra tio n  o f th is  w ill  be given in  
chapter 7.
Some general conclusions concerning the choice of metal to 
be used for the construction of p o la rise rs  may be drawn from the 
d a ta  in tab le  3. For a l l  of the  wavelength and bu ffer index 
com binations stud ied  h e re , a lum in ium  y ie ld s  th e  h ig h e s t  
ex tinction  ra tio . Where gold is  to be used, thicker buffer layers 
must in  general be used than w ith  aluminium or s i lv e r .  In some 
case s , no a tten u a tio n  resonance peak i s  observed fo r gold clad 
system s. Thus i t s  use in the m anufacture of p o la r is e r s  i s  not 
recommended. The low lo sse s  fo r both modes of the g o ld -c lad  
system  suggest i t s  use for e le c tro d e s  to be used w ith phase 
modulators and other devices requiring close proximity of metal
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Table 2 A ttenuation for TE and TM modes, wavelength- 1.3um, metal- 
aluminium. C ry s ta l-  X-cut Y-prop, B uffer index -1 .9 , b u ffe r  
thickness- 40rm
Guide Thickness 
(microns)
TM Attenuation 
(dB/cm)
TE atenuation 
(dB/cm)
3.2 
3.4 
3.6 
3.8 
4.0
4.2
388
377
367
357
348
340
. 686 
.654 
.615 
.573 
.532 
.491
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Table 3 summary o f resu lts from 4 layer slab model with 4um guide 
th ick n ess, a l l  a tten u ation s in  dB/cm. Guide th ick n ess 4.0um in  
each ca se , r e fr a c tiv e  index d ifferen ce  =0.005 (TE and TM). A ll 
optimum buffer thicknesses rounded to nearest 20nm
(i) Wavelength=1.3 m icrons Metal-Aluminium (Weavers Data) 
Buffer index=2.0
System  Optimum Buffer TM attenuation TE attenuation
Thickness (nm)
Z-cut y-prop 100 336 .42
X-cut Z prop 80 263 .46
X-cut Z-prop 80 137 . 49
(ii) Wavelength=1.3 microns Metal-Gold (1) Buffer index=2.0 
System Optimum Buffer TM attenuation TE attenuation
Thickness (nm)
Z-Cut Y-Prop >18
X-Cut Y-Prop 120 76 .1
X-Cut Z-Prop 120 76 .09
(iii)W avelength=1.3 m icrons M etal-Silver (Weavers Data) Buffer 
index=2.0
System Optimum Buffer TM Attenuation TE attenuation
Thickness (nm)
Z-cut Y-prop 160 165 .13
X-cut Z prop 100 160 .18
X-cut Y-Prop 100 160 .20
(iv)Wavelength=1.3 microns Metal Gold (Weaver) Buffer index=2.0 
System Optimum Buffer TM Attenuation TE attenuation
Thickness (nm)
X-Cut Y-Prop 120 79 .1
X-Cut Z-Prop 120 79 .09
N ote Gold (1) r e f e r s  to  d a ta  taken from In te rn a tio n a l  C r i t i c a l  
Tables
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(v) Wavelength=1.15 microns, metal Aluminium, buffer index=2.0 
System Optimum Buffer TM Attenuation TE attenuation
Thickness (nm)
Z-cut Y prop 100 246 .44
X-Cut Y-Prop 60 253 .59
X-Cut Z-Prop 60 253 .55
(vi) Wavelength=1.15 microns, metal Gold (1), buffer index=2.0 
System Optimum buffer TM attenuation TE attenuation
Thickness (nm)
Z-Cut Y-Prop 80 116 .11
X-Cut Y-Prop 40 38 .13
X-Cut Z-Prop 60 66 .12
(vii)Wavelength=1.15 microns, metal S ilver (Weavers Data), buffer 
index=2.0
System Optimum Buffer TM attenuation TE attenuation
Thickness (nm)
Z-cut Y-prop 160 117 .11
X-Cut Y-Prop 100 200 .2
X-Cut Z-Prop 100 200 .1
(viii)Wavelergth=1.15 microns, metal Gold (Weavers Data), buffer 
index=2.0
System Optimum Buffer TM attenuation TE attenuation
Z-cut Y-prop >180
X-Cut Y-Prop 120 117 .09
X-cut Z-Prop 120 117 .08
(ix) Wavelength=l.06um Metal Aluminium, Buffer index=2.0 
System Optimum Buffer TM attenuation TE attenuation
Thickness (nm)
Z-cut Y-prop 100 420 .46
X-cut Y-prop 60 362 .66
X-cut Z-prop 60 362 . 60
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(x) Wavelength=1.06um, metal Gold (1), buffer index=2.0
System Cptimun Buffer 
Thickness (nm) 
Z-cut Y-prop 
X-Cut Y-Prop 
X-Cut Z-Prop
TM Attenuation
ND lEAK OBSERVED 
NO PEAK CBSERVED 
NO PEAK OBSERVED
TE Attenuation
(xi) Wavelength=1.06um, m etal S ilv e r  (Weavers Data), b u ffe r 
index=2.0
TM AttenuationSystem Optimum Buffer 
Thickness (nm) 
Z-cut Y-prop 80 
X-Cut Y-Prop 100 
X-Cut Z-Prop 100
20.25
267
267
TE Attenuation
.19
.2
.17
(x ii)  Wavelength=1.06um, m etal Gold (Weavers Data), b u ffe r  
index=2.0
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
Z-cut Y-prop >180
X-Cut Z-Prop 120 192 .07
(x iii) Wavelength=1.3 microns, metal Aluminium, Buffer index=1.9 
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
X-Cut Y-Prop 40 348 .53
X-Cut Z-Prop 40 348 .51
Z-Cut Y-Prop 60 212 . 47
(xiv) Wavelength=1.3 m ic ro n s. M etal Gold (1), B u ffe r 
Indexai.9
System Cptimun Buffer TM Attenuation TE Attenuation 
Thickness (nm)
X-Cut Z-Prop 60 35 .12
X-Cut Y-Prop 80 38 .12
Z-Cut Y-Prop 100 63 .09
110
(xv) Wavelength=l,3 microns, M etal-Silver (Weavers Data), Buffer 
indexai.9
System Optimum Buffer TM Attenuation TE A ttenuation
Thickness (nm)
Z-Cut y-Prop 80 174 .18
X-Cut Z-Prop 60 174 .20
X-Cut Y-Prop 60 174 .22
(xvi) Wavelength=1.3 microns, M etal-Gold (Weavers D ata), B uffer 
Index=1.9
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
X-Cut Y-Prop 80 40 .12
Z-Cut Y-Prop 80 7.4 .25
(xvii) Wavel eng th=l. 15 microns, Metal-Aluminium, Buffer Index=1.9 
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (rm)
X-Cut Y-Prop 40 509 .6
X-Cut Z-Prop 40 509 .58
(x v iii)  Wavelength=1.15 m icrons, Metal-Gold (1), B uffer 
Index=1.9
System Optimim Buffer TM Attenuation TE Attenuation 
Thickness (nm)
X-Cut Y-Prop 60 8.9 .12
X-Cut Z-Prop 40 52 .13
Z-Cut Y-Prop 40 44 .13
(xix) Wavelength=1.15 m icrons, M e ta l-S ilv er (Weavers D ata), 
B uffer index=1.9
System Optimum Buffer TM Attenuation TE Attenuation 
Thickness (nm)
X-Cut Y-Prop 60 222 .22
X-Cut Z-Prop 60 222 . 20
Z-Cut Y-Prop 80 225 .18
I l l
(xx) Wavelength=1.15 m icrons, Metal-Gold (Weavers D ata), Buffer 
Indexai.9
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
X-Cut y-Prop 80 45 .10
X-Cut Z-Prop 80 45 .09
Z-Cut Y-Prop 100 89 .08
(xxi) Wavelength=l. 55 microns Metal-Aluninium,Buffer Index=2.0
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
X-Cut Y-Prop 60 289 . 45
X-Cut Z-Prop 60 289 .44
Z-Cut Y-Prop 100 238 .39
(xxii) Wavel eng th=l. 55 microns, Metal-Gold (1), Buffer Index=2.0 
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
X-Cut Y-Prop NO PEAK OBSERVED
X-Cut Z-Prop NO PEAK OBSERVED
Z-Cut Y-Prop NO PEAK OBSERVED
(x x iii)  Wavelength=1.55 m icrons, M eta l-S ilv er (Weavers D ata), 
Buffer index=2.0
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
Z-Cut Y-Prop 160 130 .15
x-Cut Z-Prop 100 130 .19
X-Cut Y-Prop 100 130 .20
(xxiv) Wavelength=1.55 microns, Metal-Gold (Weavers Data), Buffer 
Index=2.0
System Optimum Buffer TM Attenuation TE Attenuation
Thickness (nm)
X-Cut Y-Prop NO PEAK OBSERVED
X-Cut Z-Prop NO PEAK OBSERVED
Z-COT Y-Prop >200rm
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and waveguide.
Data fo r the re a l  and im aginary p a r t s  o f the  r e f r a c t iv e  
index of aluminium, silver and gold are presented in figures 12, 
13, 14, and 15. I t  i s  seen th a t  fo r go ld , the  two da ta  s e ts  
d if fe r  widely. This provides an indication of the widely varying 
data availab le  for refractive  indices of m etals as discussed in 
re fe ren ce  25. Of the  th ree , aluminium i s  by fa r  th e  most 
r e l i a b le ;  fo r o th er m etals q u a n ti ta t iv e  r e s u l t s  based on the 
models presented here should be treated  with caution.
The model p red ic ts tha t low-loss mode f i l t e r s  may be made by 
g radual ta p e rs  o f b u ffe r lay e rs . However, th e  more complex 
problem of an abrupt t r a n s i t io n  between the c lad  and unclad 
se c tio n s  has no t been considered. The TEqIo s s i s  l ik e ly  to  be 
higher than in the previous case
F in a lly , i t  i s  to  be noted th a t  the e x t in c t io n  r a t io s  
p resen ted  here are  fo r an id ea lise d  system : r e a l  system s, or 
other d iss im ila r models w ill vary g rea tly  in th e ir  performances 
and the analysis presented here should accordingly be repeated.
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Chaggber 4 Practical TE polar isers using d ielectric/m eta l overlay 
layers
4.1 Introduction
As was d iscussed  in chapter 1, c e r ta in  in te g ra te d  o p tic a l  
implementations of processing systems for o p tica l fibre sensors 
require the fabrication  of high ex tinc tion  ra tio  polar ise rs , or 
mode f i l t e r s ,  a f ig u re  of 60dB fo r a d ev ice  being regarded as 
acceptable for most applications.
In chap ter 3 the theory o f TE mode se le c tio n  in s lab  
waveguides w ith  "step" ind ices was d iscu ssed . From th is  study , 
the phenomenon of surface plasma wave attenuation  resonance in 
such a system may be understood. While the ex tinction  ra tio s  of 
devices fabricated according to such a model would be high, with 
low insertion  losses for the TE mode, i t  would not be possible to 
c o n s tru c t the device using titan iu m  in d if fu s io n  in lith iu m  
niobate owing to the resu ltan t graded index p ro file  of the slab 
guide (re f  1). In a d d itio n , s lab  gu ides a re  not su ita b le  fo r 
e f f i c ie n t  in te r fa c in g  w ith o p tic a l  f ib r e s .  Thus s t r ip e  guides 
( re f  1) must be used, and e ith e r  the T E -like or TM-like mode 
se lec ted .
S e v e ra l w orkers ( r e f s .  1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 ,9 )  have used 
d ie lec tric /m e ta l coatings on both op tica l f ib res  and integrated 
op tical waveguides, demonstrating TM mode attenuation resonance 
in both cases. In re f  8 the phenomenon was dem onstrated using 
tapered buffer layers on lithium  niobate and a drop of mercury as 
the  m etal. This would obviously not be accep tab le  in p ra c t ic a l  
s i tu a t io n s .  B ristow  (ref 3) reported  a a dev ice  fab rica ted  to 
transm it TE modes, yielding an extinction  ra tio  of 22j^  3 dB per 
cm with an excess loss of Z54_' 3dB/cm. Cytroky (ref 5) reported 
high th e o re t ic a l  e x tin c tio n  r a t io s  using a s la b  model, and 
demonstrated p rac tica l slab guides with ra t io s  of up to 40.4dB. 
The device c o n sis ted  of TizLiNbOg waveguides w ith d ie le c t r ic  
(n=1.7, m a te r ia l  u n s ta te d )/ gold o v e rlay s. For s tr ip e  guides
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G U I D E  P O L A R I S E R S  ( i i )  MODEL OF S Y S T E M  U S E D  FOR 
E Q U IV A L E N T  R E F R A C T I V E  INDEX METHOD OF CALCULATION 
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(widüi unspecified) the maximum value reported was 23dB, measured 
using end-fire exc ita tion . Neither experimoital e rro r nor values 
fo r the in s e r t io n  lo s s  o f the T E-like modes were quoted. 
Subsequent private  communication revealed tha t excess loss values 
for slab were 0.5±0.5dB for gold claddings, the figure increasing 
to 5.5±0.5dB for s ilv e r claddings, also claiming th a t comparable 
measurements were determined for the s tr ip e  case. The same author 
reported an in tr in s ic  de-polarisation  of the unclad guides of 13- 
25dB per 15mm of guide using 70-100nm Ti d iffu sed  fo r 5 hours 
(conditions unspecified)
Eberhart and BjI ow (ref 9) reported an extinction  ra tio  of 
lOOdB for a device usirg a planar geometry, although the la t te r  
was a scaled m easurem ent, the  value ob tained  presum ably being 
only lOdB for the 1mm device fabricated. As was shown in chapter 
2 such extrapolation is  not necessarily  valid . In addition, since 
the extinction ra tio  is  a sensitive function of buffer thickness, 
problems of u n ifo rm itie s  o f coatings provide an experim ental 
olgecticxi to such extrapolations.
Bosaka (ref 7) has investigated experimentally the varia tion  
in extinction ra tio  with cladding thickness of an op tica l fib re  
a n is o tro p ic a lly  etched to  leave a f l a t  face some d is ta n c e  from 
the core, th is  being coated with aluminium. The e ffe c t of th is  is  
to set up a 4 layer system with the waveguide core displaced from 
the metal layer by a low index buffer.
4.2 Theory
In order to design  a p o la r is e r  of optim al perform ance, i t  
would be h e lp fu l to have a th e o re tic a l  model of the  dev ice . A 
schem atic diagram of the  p o la r ise r  to be designed i s  shown in 
figu re  1. The b u ffe r  lay e r and m etal overlay  are  d eposited  on a 
previously fabricated titanium  indiffused waveguide. The aim of 
th is  procedure i s  to  couple the  guided TM modes o f the  unclad 
waveguide to the lossy surface plasma wave vdiich may be excited 
a t the d ie lec tric -m e ta l boundary, while disturbing the TE modes 
as l i t t l e  as possible. This prediction is  based on the re su lts  of
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the slab model of chapter 3.
Modifications to the slab model would be required to model 
th is  device. Factors to be taken into account include:
(i) The confinement of l ig h t in two, rather than one^dimaision^
( i i )  The graded index o f the  waveguide r e s u l t in g  from th e  
titanium indiffusion, ra ther than a step index.
( i i i )  Possible absorptim  in d ie le c t r ic s  fa b r ic a te d  under r e a l  
conditions.
(iv) Variation of metal index with deposition conditions
(v) Possible outd i f  fused layers of Li20 on the c ry s ta l surface 
(re f  10)
(vi) Surface roughness a t  waveguide edges, and a t  the b u f fe r -  
waveguide boundary.
(vii) The resu ltan t non-linearly  polarised waveguide modes
(v iii) Power dependent e ffe c ts , due either to n o n -lin e a ritie s  or 
to photorefractive e ffec ts . Consideration of (i) shows th a t ALL 
TM modes are expected to  couple w ith the SPW and hence e x h ib it  
attenuation peaks. A simple argument explaining th is  phenemenon 
was proposed by 01 iner and Peng (re f  11) . I t  i s  known th a t  the  
SPW may propagate for a l l  buffer thicknesses: v a ria tio n  of other 
waveguide parameters w ill only serve to vary the strength  of the 
coupling of the various modes to  the SPW. The system , shown in 
f ig  l . ( i i )  may be m odelled by the eq u iv a len t r e f r a c t iv e  index 
approach provided only one mode propagates in  each se c tio n . 
However, the ju n c tio n  between the two sec tio n s  w il l  serve to  
couple any mode on one s id e  of the boundary to  the modes 
supported on the other. The surface plasma wave may be supported 
fo r a l l  th ree  se c tio n s , i t s  p ro p e r tie s  being determ ined by the 
buffer/waveguide structure. The coupling regions shown in figure 
1 (iii) serve to couple any one mode of one section with a l l  modes 
of the adjacent section, th e ir  re la tiv e  coupling strengths being 
undefined. Thus a l l  modes o f the s t r ip e  guide se c tio n  are  
expected to  couple to the SPW of the ad jacen t se c tio n s . In 
addition, the propagation properties of the waveguide section, i f
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th is  in isolaticxi is  assumed to be in fin ite  in extent, w ill also 
be affected by the SPW, as predicted in chapter 3.
4.2.1 Effect o f thin metal film s
I t  i s  known th a t  i f  the  m etal bounding the d i e l e c t r i c  i s  
made su ffic ien tly  th in  ( ty p ic a lly  some tens of nanom etres) the  
SPW s p l i t s  in to  two waves w ith  symmetric and asym m etric f i e ld  
d is trib u tio n s (see chapter 3)-the  w_ and w  ^ waves respectively . 
These may be considered to be superpositions of the waves v^ich 
would ex ist cm the two boundaries in isolation. The antisymmetric 
d is t r ib u t io n  ( long range SPW ) was shown to  have a lower lo s s  
than for the SPW existing a t the bulk m eta l-d ie lec tric  in te rface , 
Wiile the symmetric w_ mode (short-range SPW) has a higher loss.
In o rd e r to  a ch iev e  a com pact p o la r i s e r  w ith  h igh  
e x tin c tio n  r a t io  i t  would be b e n e f ic ia l  to e x c ite  the w_ SPW. 
This imposes s tr in g e n t  c o n s tr a in ts  on the theory  which may be 
used and on the fa b r ic a t io n  o f the  dev ices. The m etal film  must 
be (i) th in , ( i i)  uniform , ie  no " is lan d s" , ( i i i )  in  th e  c o r re c t  
environment, ie the appropriate d ie le c tr ic  must e x is t on e ither 
s id e  of the m etal. The fa b r ic a t io n  of a th in  film  o f m etal 
presents no problems from a p rac tica l standpoint: however, some 
su rface  roughness i s  in e v ita b ly  incurred  (re f  18), even fo r 
evaporation  onto a smooth s u b s tra te . The d e p o s itio n  of a 
d i e l e c t r ic ,  id e n tic a l  to th a t  o f the  b u ffe r la y e r , on th e  m etal 
would appear to ensure the c o rre c t  environment fo r the sh o r t-  
range SPW. However, i f  the  b u ffe r  i s  s u f f ic ie n t ly  th in ,  the  SPW 
w ill be affected by the guide-buffer boundary. The properties of 
the  m etal and d ie l e c t r i c  and those of the waveguide w i l l  
determine the extent of coupling of the propagating modes to the 
SPWs. In experiments performed by other authors to  demonstrate 
the  ex is tence  of the modes ( see chapter 2 ), i t  was found th a t  
the  range of angles for which the  re lev an t SPW i s  e x c ite d  i s  
ex trem ely  sm all (say 1®). Thus we expect the m anufacturing 
tolerances for a waveguide based device to be extremely narrow.
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4.2.2 Analytical Methods
Exact so lu tio n s  fo r  the complex propagation  c o n s ta n t a re  
a tta inaU e only for the slab  model of chapter 3. In other cases 
a p p ro x im a tio n s  a re  g e n e r a l l y  used to  y ie ld  th e  d e s i r e d  
information <xi the guided modes. U nfortunately  th ese  g e n e ra lly  
re ly  on the op tical f ie ld  being well confined to the core of the 
guide, and on the sp a tia l  v a ria tion  of the op tical f ie ld  being a 
r e la t iv e ly  sim ple fu n c tio n . For example, G oells ' c i r c u la r  
harmonic a n a ly s is  ( re f  13), which works w ell fo r a square  co re  
guide in an iso tropic surrounding approximates the op tica l f ie ld  
by a se r ie s  of Bessel fu n c tio n s  and m odified Bessel fu n c tio n s , 
each modified by a trigonom etrical function of the angle around 
the waveguide core ("circular harmonics"). The method works well 
for waveguides with small re la tiv e  re frac tive  index d ifferences 
and moderate aspect ra tio . The effective index method im p lic itly  
ignores the op tical f ie ld  a t the corners of the square guide. The 
method works w ell fo r d i e l e c t r i c  waveguides fa r  from c u to f f .  
However, both methods may y ield  incorrect re su lts  for the TM lik e  
modes a t the m etal-buffer layer boundary where the f ie ld  changes 
rapidly, and is  far from the core.
A fu ll  treatm ent would require a f in ite  elem eit method (ref 
15,16). This would c o n s is t  o f d iv id ing  the  c ro s s -s e c tio n  o f the  
guide into a large number of small elemarts of shape consisten t 
with the waveguide boundaries. In each element a simple (usually 
linear) function is  f i t t e d ,  the variational method being used to 
ob tain  a "best f i t " .  For ra p id ly  varying fu n c tio n s , a la rg e  
number of elements i s  therefo re  needed. Unfortunately the method 
requires extremely large amounts of active computer memory, and 
in reported im plem entations requires large amounts of computer 
time for even reasonable accuracy (ref 15).
A v a r ie ty  of w orkers have condidered the problem of the 
graded index p ro file  (ref 19), e ither using s tr ip e  guides with a 
range of d i f f e r e n t  r e f r a c t iv e  index p r o f i le s ,  or in p lanar 
geonetries with metal la y e rs  (w ith and w ithout b u ffe r  la y e rs ) .
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Masuda (ref 19) pred icts th a t for a graded index slab guide on Z- 
cut LiMüOg the optimum buffer thickness for Si0 2  would be llnm. 
I t  i s  to  be noted th a t  no th e o r e t ic a l  study has been pub lished  
concerning stripe  waveguides with metal claddings.
For lithium  niobate a t wavelengths longer than the l im it  of 
the v is ib le  spectrum, the imaginary component of the re fra c tiv e  
index is  negligible; thus problem ( iii)  w ill not be considered.
The v a r ia tio n  of the  o p t ic a l  p ro p e r tie s  o f m eta ls w ith  
deposition conditions (ref 18) presents a severe hindrance to the 
e ff ic ie n t design of metal clad devices. Using the data of Weaver 
( re f  18), i t  i s  p o ss ib le  to  s e le c t  data  taken from m eta ls  
fabricated under sim ilar conditions to those to be used.
Suppression of outd i f  fu s io n  i s  p o ss ib le  by a v a r ie ty  of 
experimental means (ref 20), using powdered lith iu m  n io b ate  or 
flowing wet gases in ca re fu lly  controlled environments.
Surface roughness a t waveguide edges is  lik e ly  to have two 
d e le te r io u s  e f f e c ts  on p o la r is e r  perform ance. F i r s t l y  the 
perturbations w ill give r is e  to po larisa tion  conversion (ref 30), 
and secondly to increased excess lo ss of the guide.
Photorefractive e ffe c ts  (ref 21) may be reduced by operation 
a t  successively long wavelengths. Holman (ref 22) has shown th a t 
propagation along the  c ry s ta l  Z ax is  g ives a s ig n i f ic a n t  
red u c tio n  of o p tic a l  damage. However, th i s  geometry w il l  no t 
n e c e s s a r i ly  be s u i t a b l e  fo r  o th e r  com ponents where th e  
electrooptic  e ffec t is  to be u til is e d .
4.2.1 Summary
I t  is  seen th a t  no exac t so lu tio n  for the propagation  
co n stan t and the a tte n u a tio n  may be obtained fo r the s t r ip e  
geometry. All approximate methods have some disadvantage in the 
co n tex t of th i s  d ev ice , whether in term s of accuracy or 
computation time. I t  was therefore decided to use the information 
on b u ffe r and m etal la y e rs  obtained  from the s la b  model to  
fab ricate  a device. Using th is  data as an in i t ia l  estim ate of the 
re le v a n t param eter, i t  could then be varied  to  op tim ise  the
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perform ance of the  p o la r is e r .  This procedure has a lso  been 
adopted by Cytroky (ref 5) and Eberhart (ref 9).
4.3 Device fabrication
4.3.1 Material se lection
Since i t  was d e s ired  to  s e le c t  the TE-like modes o f a 
titanium  indiffused s trip e  waveguide, a se t of s trip e  waveguides 
were fab rica ted  on Z-cut LiNbO^. The basic  waveguides were 
fabricated using standard techniques; these have been described 
in  s e c t io n  2 .5 .2 . In  o rd e r  to  in v e s t ig a te  any change in  
e x tin c tio n  r a t io  and in s e r t io n  lo s s  w ith waveguide w id th , a 
s e r ie s  of waveguides were fa b r ic a te d  on each s u b s tra te . E ight 
guides with widths from 2 to 10 microns were used. Three of these 
s e ts  were fa b ric a te d  on each su b s tra te  in order to  check the  
consistency  of the  r e s u l t s ,  and to  allow  for the in e v ita b ly  
unsuccesful fabrication  of some guides. The guides were separated 
by, on average, 20 waveguide w id th s, thus coupling between 
adjacent guides would not be appreciable (ref 14).
In order to  ob ta in  as high an e x tin c tio n  r a t io  as p o ss ib le  
the  s lab  model of chap ter 3 p re d ic ts  th a t  the b u ffe r lay e r 
m a te r ia l  should have a high r e f r a c t iv e  index ( id e a lly  around 
2.0). A large number of d ie le c tr ic s  are available with re fra c tiv e  
index between 1.5 and 2.5, however the  bu ffer should be easy  to  
deposit in thin uniform film s. S ilicon  dioxide having re frac tiv e  
index 1.46 may e a s i ly  be sp u tte re d  (re f 19), or d eposited  in 
plasm as contain ing  s ila n e  and n itro u s  oxide. However, s i l ic o n  
monoxide was known to have the  requ ired  p ro p e r tie s  o f a h igher 
r e f r a c t iv e  index and ra th e r  sim p ler depost ion requirements. An 
excellent paper by Hass (ref 17) discusses the op tical p roperties 
of th in  film s of s ilico n  monoxide prepared by thermal evaporation 
under a range of co n d itio n s. The v a r ia t io n  of r e f r a c t iv e  index 
with wavelength is  i llu s tra te d  in figure 2, th is  being taken from 
re f 17. I t  is  noted from th is  reference that to prepare su itab le  
film s i t  is  necessary;
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(i) to use high vacuum, approx 2x 10 mmHg
o
(ii) to use high evaporation ra te s , approximately 20A/sec
( i i i )  to  avoid exposing the  completed f i lm s  to  a i r :  a t  room
otemperature the top 20A would oxidise to Si02 w ithin a few hours 
(ref 17). Although data on conplete oxidation are not available, 
the a u th o r 's  experim ents in d ic a te  th a t  the  m echanical and 
physical p roperties of the monoxide do not change over a period 
o f one year: thus f ilm s  o f S i0 2  may no t be prepared by the 
method. I t  i s  no t necessary  to  use heated s u b s tra te s .  The m etal 
used was alum inium , as the s lab  model had p red ic ted  higher 
extinction ra tio s  for th is  metal than for o thers considered. The 
op tical p roperties of the metal were reasonably well known in the 
wavelength range of in te r e s t  (re f  18). In a d d it io n , co n d itio n s 
for the evaporation of high g ia l i ty  film s were well understood 
(re f  34).
4.2.2 Fabrication procedure
Titanium indiffused s trip e  waveguides were fabricated on Z 
c u t lith iu m  n iobate  as described  in se c tio n  2.5.2 . The 
m aterial was siçjplied by Barr and Stroud Ltd, and the propagation 
d ire c tio n  was in a l l  cases along the  c ry s ta l  Y ax is . The 
completed substra tes incorporating titanium  indiffused waveguides 
were then cleaned thoroughly as described  in  chap ter 2 and 
mounted in a thermal evaporator. This machine had four separate 
evaporation sources available, any one of which could be selected 
a t  a given tim e . The b e ll  ja r  of the evapora to r was pumped down 
to  a p ressu re  o f dO“  ^ mmHg. A c u rre n t of 6oS was passed through 
the source containing the silicon  monoxide granules with diameter 
approximately l/2mm. The shielded source shown in figure 3 .ii was 
used to prevent the heated granules " f i t t i n g " .  This phenomenon 
occurs whm the surface of the granule i s  vaporised with the bulk 
of the substance  remaining s o lid :  the  r e s u l ta n t  force then 
displaces the s ilic o n  monoxide. The film  thickness was monitored 
during d e p o s itio n  using a c ry s ta l  film  th ick n ess  m onitor 
( In te l le m e tr ic s  model ILOOl). Use of t h i s  m onitor re q u ire s  a
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knowledge of the specific acoustic impedance and the density of 
the  m a te r ia l .  These were assumed to  be 8.25x10^ gcm'^s""^ and 
2.2g/cm ^ r e s p e c t iv e ly  fo r  s i l i c o n  m onoxide ( r e f  23) and 
8.17xl0^gcm“^s'”^  and 2.2g/cm^ for aluminium (ref 24). A film  of 
th ic k n ess  25 nm could be evaporated in approxim ately  t h i r t y  
seconds, w ith  th ic k e r  or th in n e r f ilm s  tak ing  p roportionally  
more or le s s  tim e . Having deposited  the s i l ic o n  monoxide, and 
allow ed the  evaporation  source and sample to  cool in  order to  
avoid buiding thermal stresses in to  the sample and damaging the 
evaporation source respectively, an evaporation source containing 
aluminium was selected. A current of 30A then gave an evaporation 
ra te  of approximately lOnir/sec. As thick ( up to  lum) film s were 
re q u ire d , i t  was necessary  to  perform  the evaporation  in two 
s tag es using a fu r th e r  source. Only a f te r  a l l  la y e rs  had been 
deposited and the substrate and deposition system allowed to cool 
was the system allowed to a tta in  atmospheric pressure.
To o b ta in  independent v e r i f i c a t io n  of the th ickness and 
re frac tive  index of the silicon  monoxide, a separate evaporation 
was perform ed using id e n tic a l  p rocess pa ram eters , but on a 
silicon  substrate. The index and thickness were then measured a t 
0.6328jum wavelength using ellipsom etzic techniques, (note- these 
measurements were performed by Dr. G. S tew art.) The th ick n ess 
measured in th is  way gave the same r e s u l t  as the c ry s ta l  
th ick n ess  m onitor to w ith in  1% of the  value  recorded by the  
m onitor. The r e f r a c t iv e  index was determ ined to be 1.98i0.01 a t  
0.6328pn wavelength. This agrees well with the data of Hass shown 
in  f ig u re  2.
The e n t i r e  process was repeated  to y ie ld  fu r th e r  dev ices 
using d i f f e r e n t  th icknesses o f b u ffe r  la y e r . A wide range of 
devices was fabricated using aluminium for the metal overlay: the 
buffer thickness beir^ varied from zero to  Ipn, with the m ajority 
of the  dev ices a t  the lower th ick n esses  where the slab  model 
p re d ic ts  h igher e x tin c tio n  r a t io s  and more ra p id ly  varying 
a ttenua tions.
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Several d ev ices  were made using th in  m etal f i lm s , some of 
which were coated w ith  s i l ic o n  monoxide la y e r s  in  o rder to  
a ttem p t to  make d ev ices e x h ib itin g  coupling to the Ëiort-range 
SPW. The fab rica tion  conditions in th is  case were indentical to 
those o u tlin e d  above a p a rt from the m o d ific a tio n  o f the m etal 
thickness and the addition of the extra layer.
The end -faces o f the waveguides were p o lish ed  normal to 
th e ir  length in order to measure th e ir performance using end-fire 
ex c ita tio n .
Mechanical considerations o f the polishing process
D uring p o l i s h in g  i t  was no ted  t h a t  some sam p le s , 
p a rtic u la rly  those with thick buffer layers, exhibited a tendency 
for the aluminium to l i f t - o f f  frcan the substra te  when the sample 
was mounted on the polishing j ig , th is  being accomplished using 
heated s h e lla c ; when allowed to s o l id i f y  a strong  bond i s  
ob tained  between the g la ss  c a r r ie r  and the s u b s tra te . The 
arrangem ent i s  i l l u s t r a te d  in f ig u re  4. The sample may not be 
reversed  on the mount as poor edge q u a li ty  r e s u l t s .  While the 
d isin teg ra tion  e ffe c t finds a ready explanation in terms of the 
d if fe re n tia l  coeffic ien ts  of thermal expansion (ref 23), a cold 
mounting technique would req u ire  a p ro h ib i t iv e ly  long removal 
tim e (severa l days) in dangerous so lv e n ts  . In the few cases 
where the metal l i f te d  o ff, the samples were re-coated. Results 
ob tained  w ith such dev ices w ill  be p resen ted  se p a ra te ly  from 
those obtained w ith  id ea l dev ices , as exposure to  a i r  may have 
adverse e ffe c ts  on the silicon  monoxide film ..
4.4 Determination of device performance
The measurement of the devices has been discussed in chapter 
2  The experimental procedure used was as de ta iled  for the proton 
exchanged devices described in that chapter. The waveguides were 
lo ca ted  and ex c ited  using the standard  " r is in g  sun" technique. 
The procedure must be optimised for metal clad guides (with or 
without buffer layers) in order to maximise the transm itted power 
fo r e i th e r  TE- or TM- lik e  modes. For a d e s c r ip tio n  of the
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conventional techn ique , th e  reader i s  re fe r re d  to  r e f  25. In 
essence, the method c o n s is ts  o f moving the s u b s tra te  f i r s t  
horizontally and then v e r t ic a lly  with respect to a focussed lase r 
in order to excite the "rising  sun" pattern. Subsequent motion, 
predominantly v e r tic a l, then optim ises the transm itted power. For 
the  m etal-c lad  p o la r is e ra  under investigation here however, i t  
was noted th a t the tra n s m itte d  power i n i t i a l l y  decreased  w ith  
v a r ia t io n  of s u b s tra te  h e ig h t, and then increased  to a maximum 
value. The s tep s  in a lignm ent o f such a p o la r is e r  in  e n d - f i r e  
coupling are i^own in figure 5.
I t  was noted th a t  the c ro ss  coupled f ie ld  re s u ltin g  from 
e x c ita tio n  of the tra n s m itte d  mode re su lte d  in  a v i s ib le  f i e ld  
p ro f i le  when the gain  o f the  Hamamatsu camera was s u i ta b ly  
increased. For th is  reason, i t  was considered necessary to use a 
l i n e a r  p o l a r i s e r  a t  th e  o u tp u t o b je c t iv e .  However, th e  
sen s itiv ity  of the Photodyne detector used was such th a t the o ff-  
diagonal elemmts of the Jones matrix could not be measured with 
an accuracy of g re a te r  than 10%; in p ra c tic e  c o n s id e ra tio n s  o f 
alignment would worsen th is  figure.
Since some of the devices were measured to have extinction  
ra tio s  greater than approximately 60dB, i t  was necessary to use 
method ( i i i )  described  in se c tio n  2.6.1, ie .  to  launch in  w ith  a 
l in e a r ly  p o la rised  la s e r  and record the  ouput in each case . To 
ensure consistency , the  same method was then used fo r a l l  
measurements. The wavelength used was l.lSpn
4.5 Results ------------------------------------——^
4.5.1 E rrors
In p resen ting  the r e s u l t s  of these experim en ts, i t  i s  
im portant to consider the  e r ro r  mechanisms involved and th e i r  
e f f e c ts .  The e r ro r s  in the th ickness of the f ilm s  of s i l ic o n  
monoxide and aluminium arise  from two main sources:
(i) The horizontal distance between the c ry sta l monitor head and 
the  sample to be coated ; the  head may d e te c t  a d i f f e r e n t  
thickness from tha t deposited on the sample
F I G 5  T H R E E  S T E P S  IN E N D - F I R E  E X C I T A T I O N  
OF SI NGLE MODE P O L A R I S E R S  ( i l ' RI Sl NG S U N  
P A T T E R N  (li) E X C I T A T I O N  OF GU I D E WI T H  SOME  
ENERGY IN S U B S T R A T E  ( i i i ) ' CL EA N"  E X C I T A T I O N
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( i i )  The c ry s ta l  head may not be perpend icu lar to  th e  l in e  
joining i t s  centre to the centre of the source.
These e rro r  mechanisms are i l l u s t r a t e d  in f ig u re  3.1. Allowing 
generous bounds for these e rro rs , the error was approximately 1% 
of the recorded thickness. The recorded thickness co rre la tes  well 
with measurements obtained using ellipsom etric  techniques.
The e rro r in the  measured e x tin c tio n  r a t io  arose  from 
se v e ra l sources.
(i) The error in the Photodyne power meter (ref 26): for detected 
s ig n a ls  stronger than  -SOdBm, +1% o f the  reading and +1 in  th e  
le a s t  s ign ifican t d ig it .  For signals below th is  figure +1 in the 
le a s t sign ifican t d ig it  and 10% of the displayed power.
( i i )  C orrec t s p a t ia l  f i l t e r i n g  of the near f ie ld  p r o f i le :  i t  i s  
im portan t to exclude from th e  measurement l ig h t  guided by the  
substra te . Since the p o sitio n s of the optical f ie ld s  for TE- and 
TM l ik e  modes did not c o in c id e , care  must be taken to  avoid 
obscuring part of e ither output f ie ld . The ^ t i a l  f i l t e r  was re­
positioned between measurements.
( i i i )  O p tim is a t io n  o f th e  in p u t pow er; S in ce  th e  in p u t 
p o la r is a t io n  was ro ta te d  by use of a half-w ave p la te ,  i t  i s  
e s s e n t ia l  to ensure th a t the a x is  of th is  device i s  a t  45^ to  
th a t  o f the o p t ic a l  bench. In a d d itio n , the inpu t beam may 
in a d v e r te n tly  be d isp laced  l a t e r a l l y  or v e r t i c a l ly  by the 
re ta rd e r . The inpu t coupling must th e re fo re  be re -o p tim ise d  
between measurements. This process incurs e rro rs , the magnitude 
of which was determined by successively exciting and determining 
the extinction ra tio  of a given waveguide.
For devices with high ex tinction  ra tio , where the detected 
power was below -80dBm, the dom inant e rro r  mechanism was ( i ) ,  
ty p ic a l ly  +12dB-a la rg e  f ig u r e .  For o th e r  m ea su re m e n ts , 
co n s id e ra tio n  of the  above mechanisms (re f 27), and r e a l is in g  
th a t  the  e rro rs  apply to  measurement of both modes, y ie ld s  an 
e r ro r  in the in s e r t io n  lo s s  o f approxim ately  +3dB, and in  the 
extinction  ra tio  of +4dB. The e rro r bars in the presented re s u lts
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are accordingly based on these estim ates.
4.5.2 Q ualitative r e su lts
For the TE-like mode, a c le a r  f ie ld  p r o f i le  w ith  no 
d e te c ta b le  su b s tra te  ra d ia tio n  was observed. The " r is in g  sun" 
method with the modifications described was used to locate  the 
waveguides.
The number of modes supported fo r the TE case was in  a l l  
cases the  same as for an unclad dev ice . The a d d itio n  o f th e  
s ilic o n  monoxide (but no aluminium) produced no detectable change 
in e ith e r extinction ra tio  or in sertion  loss within the bounds of 
e x p e r im e n ta l  e r r o r  (+_3dB) fo r  e i t h e r  TE or TM in p u t 
po larisa tions. However, for some d ie le c t r ic -m e ta l  clad  d ev ices 
supporting  one TE-like mode the ou tpu t w ith TM e x c i ta t io n  
d isp layed  two main lo b es , as shown in f ig u re  6, in d ic a tin g  
tran sm iss io n  of the TM^  mode. This was not observed fo r the 
unclad dev ice , nor fo r one w ith  only aluminium cladding . F ie ld  
p r o f i le s  o f TE and TM l ik e  modes fo r a device w ith a nominal 
w idth of 7^m are shown in f ig u re  7. Note th e i r  r e l a t iv e  
p o s i t io n s - th e  output alignm ent had not been a lte re d  between 
photgraphs. The burn-mark on th e  camera tube may be used as a 
re fe ren c e  p o in t. Figure 8 shows the f ie ld  p ro f i le  (TE) fo r a 
wider guide fab ric a ted  on the same s u b s tra te  w ith id e n t ic a l  
conditions.
The input alignment for a l l  metal clad polarisera appeared 
to  be fa r  more c r i t i c a l  than for an unclad d ev ice , sm all 
adjustments giving large varia tions in output power.
Figure 9 i llu s tra te s  the TE and TM mode p ro files associated 
with a narrow guide- the nominal width being 3pm. Note th a t the 
camera gain  was not co n stan t throughout the experim en ts, 
co n sid erab le  v a r ia tio n  being requ ired  to d isp lay  c le a r ly  the 
p ro file .
During the e x c ita t io n  of many gu ides, a "crescen t"  of 
tra n sm itte d  l ig h t  was observed im m ediately ad jacen t to  the  
waveguide. This is  diown in figure 10. The crescent exhibited the
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input coupling properties of a guided wave. Possible explanations 
for the e ffe c t w ill be considered a t a la te r  stage.
C arefu l inpu t alignm ent ensured th a t  in  the m a jo rity  o f 
cases the  c re sc e n t was no t e x c ite d . However, in  a few cases the  
c re sc en t was in separab le . Such a s i tu a t io n  i s  i l l u s t r a te d  in  
figure 10, th is  being for a 6um guide.
Waveguides of the correct nominal width gave rise  to highly 
symmetric mode p ro file s . A photograph of such a p lo t is  ^own in 
figure 11, th is  being for a 6pm guide.
The v a ria tio n  of experim eitally  determined extinction ra tio  
and excess loss with buffer thickness for three d iffe ren t nominal 
guide widths is  i llu s tra te d  in figures 13 and 14. I t  is  seen tha t 
for a ll  three guides a principal peak of up to  85jCL3dB is  seen a t  
a buffer thickness of approximately 30nm, while a second peak a t  
approximately double th is  thickness i s  also seen. The extinction 
r a t io  a t  the second peak i s  some 60+13dB down on th a t o f the 
principal peak. I t  is  to be emphasised th a t the resu lts  presented 
in th is  chapter refer to individual devices and are not "scaled".
The excess lo s s  a sso c ia ted  w ith  two waveguide w idths i s  
shown as a fu n c tio n  of b u ffe r th ic k n e ss  in  f ig u re  14. Although 
the spread o f r e s u l ts  i s  la rg e , i t  i s  seen th a t  the excess lo s s  
decreases with increasing buffer thickness.
Figure 15 shows the variaticai in ex tinction  ra tio  for three 
d iffe ren t buffer thicknesses. Two e ffe c ts  are noted. F irs tly  the 
position of maximum extinction r a t io  in c re a se s  w ith decreasing  
buffer thickness, and secondly the ex tinc tion  ra tio  a t tha t peak 
increases.
4.5.3 Q uantitative resu lts
Devices were tes ted  w ithout c lad d in g , and w ith s i l ic o n  
monoxide coatirgs (in thicknesses up to lum), again with no metal 
c ladd ing . In n e ith e r  case did the e x t in c t io n  ra t io  of any one 
guide exceed 3+4dB. The large frac tio n a l error in measurements of 
small ex tinction  ra tio s  makes deductions based on them d if f ic u lt .
FIG 11 ILLUSTRATING AN INSEPERABLE 
CRESCENT ASSOCIATED WITH E N D -  
FIRE EXCITATION OF 5pm WIDE STRIPE 
WAVEGUIDE POLARISERS.
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A graph showing the  v a r ia t io n  o f e x tin c tio n  r a t i o  fo r th e  
best guide within each se t against buffer thickness i s  shown in 
figure 16.
The extinction ra tio s  measured ranged between 10 and 80dB,
although the experim ental e r ro r  asso c ia ted  w ith  th e  l a t t e r
r e s u l t s  i s  high. The optimum th ick n ess  of the b u ffe r  la y e r  fo r
the fabrication conditions used here was 28nm.
4.6 Discussion
Study of f ig u re s  13,14 and 15 shows d i s t i n c t  tre n d s  in  a l l  
three graphs. Consideration of figure 15 shows th a t w ithin each 
s e t  o f gu ides, th e re  i s  one guide w ith a high e x t in c t io n  r a t i o ,  
w ith  narrower or wider gu ides having an in f e r io r  e x t in c t io n  
ra tio . In some cases the guide with the highest ex tinc tion  ra t io  
occurred a t the s t a r t  or end o f the  s e t  (ie . a t  the  2pm or 10pm 
gu ide). In th is  c a se , the  fo llow ing  or preceding gu ides e x h ib i t  
decreasing extinction ra tio .
Although our slab model can give no predictions concerning 
the  e f f e c t  of v a r ia t io n s  in waveguide w id th , q u a l i t a t iv e  
p re d ic tio n s  a re  p o s s ib le . Each guide with d iffe re n t width w ill 
have a s l ig h t ly  d i f f e r e n t  e f f e c t iv e  index, o r , e q u iv a le n t ly ,  
propagation  c o n s tan t. The phase v e lo c ity  o f the  su rfa c e  plasm a 
wave, the mechanism postulated to be responsible for the high TM- 
lik e  mode loss, is  determined by the (complex) p e rm ittiv itie s  of 
the aluminium and s i l ic o n  monoxide under the  g iven  d e p o s itio n  
conditions. Reference to chapter 3 shows tha t for a given buffer 
th ic k n ess , only one phase v e lo c ity  o f the l ig h t  p ropagating  in  
the waveguide below w ill give r ise  to optimal coupling between 
the modes. Phase v e lo c itie s  below or above th is  value should give 
reduced coupling and hence poorer extinction ra tio . The existence 
of a peak in the extinction  ratio-waveguide width ind icates th a t  
the surface plasma wave is  the loss mechanism. Simple absorption 
lo ss , considering the system to  be a lossy d ie le c tr ic , would be 
expected to y ie ld  a d ecreasing  ex tinction  ra tio  with waveguide 
w idth as the f r a c t io n  o f l ig h t  p re se n t a t  the w aveguide-m etal
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boundary was reduced. Indeed, no peak was observed for the pure 
aluminium clad devices.
D e sp ite  the  l a r g e  f r a c t io n a l  e r r o r  in  th e  re p o r te d  
measurements o f the  excess lo s s , d i s t i n c t  tre n d s  are  s t i l l  
obvious. While the experim ental accuracy precludes an accurate 
determination of the excess loss for a given nominal guide width, 
i t  i s  seen th a t  the f ig u re  decreases fo r  in c re as in g  buffer 
thickness, agreeing well with the q u a lita tiv e  p red ic tions of the 
theory.
The graph  shown in  f ig u re  16 r e p r e s e n t s  th e  "b es t"  
e x tin c tio n  r a t io  w ith in  each s e t ,  p lo tte d  a g a in s t b u ffer 
th ick n ess . One m ight a t  f i r s t  expect to  see no s ig n if ic a n t  
v a r ia t io n  o f e x tin c tio n  r a t io  w ith th i s  p a ram ete r, s ince  for a 
given buffer thickness and index with a p a rticu la r metal there is 
a s u f f ic ie n t  number of waveguides th a t  phase m atching should 
occur fo r  one g u id e . However, i t  would ap p ea r t h a t  the 
propagation  c o n s ta n ts  are too widely spaced , and only  in the 
v ic in i ty  of 25nm b u ffer th ickness i s  e f f i c i e n t  a tte n u a tio n  
observed.
Although the spread of resu lts  is  la rge , i t  i s  seen that the 
excess lo s s  decreases  w ith  increasing  b u ffe r  th ic k n e ss . With 
b u f fe r  th ic k n e s s e s  g r e a te r  than  a p p ro x im a te ly  30nm the 
experim ental e rro r  p recludes drawing f u r th e r  conclusions 
concerning th is  trend.
The h ig h es t e x tin c tio n  ra t io  ob tained  w ith  any dev ice  was 
80+13 dB. This was measured for a device w ith  25nm buffer 
th ick n ess  and 523nm Al. This r e s u l t  i s  im p o rtan t as i t  i s  the 
h ig h es t ever rep o rted  for such a device. Although the  f ig u re  of 
lOOdB/cm reported by Eberhart and Bulow appears im pressive, i t  is  
to be noted th a t no error estim ates were given (ref 9 ) and that 
the r e s u l t  was ob tained  by m ultip ly ing  by 10 the  (presumed) 
figure of lOdB for a device of 1mm length. For reasons given in 
chapter 2 th is  may not be valid.
Study of figure 13 indicates th a t for a given nominal guide
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width, the ex tinction  ra tio  obtained is  a sen sitiv e  function of 
buffer thickness. This is  predicted from the ca lcu lations based 
on the slab model. Also noted is  a second peak in the extinction 
r a t i o ,  t h i s  occu rring  a t  a g re a te r  th ic k n e ss  o f b u ffe r  than the  
main peak. As the  r e la t iv e ly  la rg e  e rro r  b a rs  a re  believed  to 
represent accurately the uncertainty in the measured re su lt, i t  
i s  l ik e ly  th a t  the trend is  genuine. Each sam ple was exposed, 
developed and p ro ce ssed  s e p a r a te ly :  w h ile  v a r i a t i o n s  in  
development time w ill give rise  to varia tions in guide width the 
e ffe c t w ill be randean. Ihus some th eo re tica l explanation must be 
sought.
One fundamental difference between the model of section 4.2 
and the p rac tic a l devices is  the f in ite  ex tent of the aluminium 
normal to  the c ry s ta l  su rface  in the l a t t e r  case . One p o ss ib le  
explanation may then be the excitation  of a second surface plasma 
wave a t  the a ir-a lum in ium  boundary, or a t  the alum inium -oxide 
boundary which w il l  form in a device exposed to a i r  for any 
length of time.
Une devices fabricated with the in ten tion  of exciting either 
the short-range SPW or the long range SPW exhibited sign ifican tly  
poorer ex tinction  ra tio s  than devices with th ick  metal film s. In 
p a r t i c u la r ,  w ith in  the  l i m i t s  o f e x p e r im e n ta l  e r r o r ,  no 
difference was noted between the device with an additional layer 
and tha t without. Reference to chapter 3 shows th a t for the metal 
th ick n ess  used h e re , s p l i t t in g  of the w  ^ SPW (using O ttos 
nom enclature ( re f  31)) in to  and w_ should occur. Three 
s itu a tio n s  are then possible:
(i) the e f f e c t iv e  index for the guide may be such th a t  no 
coupling to e ith e r SPW resu lts
(ii) the e ffec tiv e  index may enable coupling to the w  ^ mode with 
resu ltan t low lo ss , or,
( i i i )  to the w_ mode with commmsurate high lo ss .
Since both devices fabricated exhibited the same low loss, 
i t  i s  unlikely th a t the long-range SPW was excited in both cases.
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Sim ilarly, t h i s  in fo rm a tio n , along w ith  the  unexceptional 
e x tin c tio n  r a t i o ,  would imply th a t  the long-range SPW was not 
excited . Thus we conclude th a t  the fa b r ic a t io n  c o n d itio n s  were 
not su itab le  for the exc ita tion  of e ither mode. This was observed 
for a l l  devices fa b r ic a te d  in th i s  manner w ith  the  aim o f 
achieving strong coupling to the diort-range (symmetric) SFW.
In view o f th e  l im ite d  angular range over which the  
phenomena are observed in the case o f bulk o p tic a l  experim ents 
(see chapter 3), th is  re s u lt  is  not surprising. A su itab le  theory 
is  no t a v a ila b le  to d e sc rib e  s u f f ic ie n t ly  a c c u ra te ly  the 
phenomenon. While in the  case of a s in g le  m e ta l -d ie le c t r ic  
boundary i t  was p o ss ib le  to fa b r ic a te  a la rg e  number o f guides 
with d iffe ren t widths and buffer thicknesses (approximately 1,500 
waveguides being fa b r ic a te d ) , the e x tra  degree o f freedom 
in tro d u c e d  by a v a r i a b l e  m e ta l th ic k n e s s  would r e q u i r e  
approximately 75,000 guides to be fabricated in order to achieve 
the same resolution as was used for the buffer thickness in the 
previous case.
In a real integrated optical ^ stem  the tran s itio n  between 
the non-polarising and p o larisirq  sections of the waveguide w ill 
g ive r i s e  to h igher excess lo ss  than would be ob tained  for a 
gradual tran s itio n  (ref 32). However, for a range of thicknesses 
in the tapering  reg io n , the excess lo s s  w il l  be h igher than for 
the f in a l m ultilayer structure. Careful design w ill be neccessary 
to minimise the dele terious e ffec t of th is  tradeoff.
The crescent aris ing  from excitation  of some of the m etal- 
c lad  waveguides i s  be lieved  to r e s u l t  from a s tr ip - lo a d in g  
e ffe c t, possibly associated with the residual titanium  oxide on 
the wavguide surface. Guiding either d ire c tly  in th is  region, or 
via a complex s t r ip  loading e ffec t involving the buffer and metal 
lay e rs  r e s u l ts .  Since fo r the dev ices w ith  higher e x tin c tio n  
r a t io s ,  c a re fu l a lignm ent avoided the e f f e c t ,  fu r th e r  work in  
th is  d irection  was not undertaken.
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4.7 Coupling m etal clad s tr ip e  waveguides to  o p tic a l f ib r e s -  
perm issible tolerances on alignment
Since the u ltim a te  aim of these p o la r is é e s  i s  to  f ix  the 
degree of po larisa tion  of l ig h t  entering an o p tica l f ib re , i t  i s  
important to consider (i) whether the 6:ee-space measuremeits are 
va lid , and (ii) how misalignment of the fib re  a ffe c ts  the excess 
lo ss.
4.7.1 Experimental d e ta ils
To in v e s tig a te  problem ( ii)  the fo llow ing  experim ental 
procedure was adopted: lin e a rly  polarised l ig h t was launched in to  
a single-mode fib re  (with no particu lar po larisa tion  maintaining 
properties). The p las ic  fib re  coating had been removed by burning 
and wiping w ith acetone to  remove the charred  re s id u e . The 
exposed secticxi was coiled and immersed in methyl sa lic y la te  to 
act as a cladding mode s trip p er. The fib re  a ids had been prepared 
by the "score and break under tension method" (ref 29). Mounting 
on the standard Micro C ontrôle stage p e rm ittin g  5 degrees of 
freedom in movement (3 transla tiona l and 2 ro tational) perm itted 
the  f ib re  to be bu tted  to the in te g ra te d  o p tic a l  waveguide. 
Alignment was aided with a microscope with m agnification of 60. 
Fine adjustm ait was then executed with the 0.1 micron resolution 
fine drives. With the fib re  in an in i t ia l ly  optimum position , i t  
was moved in 0.1 micron s tep s h o r iz o n ta lly . The in te n s i ty  of 
l ig h t emerging from the chip was monitored as in the extinction 
ra tio  measuremaits.
Measurement o f extinction ratio using polarised lig h t from fibres
I t  is  known th a t tw isting  the fibre  ro ta te s  the po larisa tion  
of the propagating l ig h t ,  depending on the ex ac t n a tu re  o f the 
tw is t  (re f 28). Thus, to a lig n  the input p o la r is a t io n  w ith  the 
transmission axis of the integrated qptical chip, the fib re  was 
tw is ted  by ro l lin g  on the  o p tic a l bench w ith  a p l a s t i c  block. 
While the two ends of the fib re  are fixed, ro ta tio n  of the output 
polarisation  from the fibre  was s t i l l  possible. For small tw is t 
ra te s , the po larisa tion  ro ta tes  with the m aterial of the fibre.
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For la rg e r  tw i s t  ra te s  however, t h i s  no longer holds (re f  28). 
Thus a com bination  of a long, g e n tle  tw is t  and a sh o rt f ie r c e  
tw i s t  achieved the  desired  r o ta t io n  o f p o la r is a t io n . In t h i s  
manner i t  was p o ssib le  to de term ine  the  perform ance o f the 
integrated o p tic a l polariser using l ig h t  from a fib re.
I t  i s  to  be noted th a t the f ib r e  used here  was no t of the 
p o la r i s a t io n  m ain tain ing  v a r ie ty  ( re f  33): the  p o la r is e ra  are  
designed to  work well w ith  s tandard  f ib r e .  P o la r is a tio n  
maintaining fib res  may have d iffe rin g  f ie ld  p ro file s  from th a t 
used h e re , and the re su ltin g  p o la r is a t io n  mode conversion may 
have a de le te rious effect cm the measured ex tinction  ra tio . The 
use of standard fib re  however may mean th a t po larisa tion  coupling 
mechanisms w ithin the fibre excite  the orthogonal mode with some 
f i n i t e  strength .
4.7.2 R e su lts
F igure  17 shows the red u c tio n  in power w ith h o rizo n ta l 
p o s i t io n  fo r a device using 28nm o f s i l ic o n  monoxide, and 
app rox im ate ly  SOOnio of alum inium . R esu lts  a re  p resented  for 
several waveguide widths. The v e rtic a l e rro r bars represent the 
m an u fac tu rers  quoted e rro r in the displayed reading, while the 
horizontal e rro r bars indicate the uncertain ty  in positioning the 
f ib r e  to  a g iven  O.lpr marker using the  Micro C ontrôle f in e  
d rive .
The e x t in c t io n  ra t io  was measured using th is  f ib re  method 
for a se lec tion  of waveguide po larise r s. In p rac tice , the output 
in te n s ity  fluctuated  strongly, constant mechanical pressure being 
necessary to achieve the desired maximisation. As the e ffec t was 
produced w ithin the fib re, i t  was not possib le  to use the double- 
headed pbotodyne detector to compensate. The fractional error in 
the recorded in tensity  for the maximum reading was approximately 
10%, giving r is e  to a fractional error in the extinction ra tio  of 
app rox im ate ly  17%. This i s  s ig n i f ic a n t ly  h igher than fo r the 
free-space measuremmts. The measured e x t in c t io n  r a t io  by th i s  
method was w ithin 10% of th a t obtained by the free ^ c e  method.
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4.7.4 D iscussion
I t  i s  im m ediately obvious th a t  the alignment requirements 
are greater for the d ie lc tric -m eta l-c lad  s tr ip e  guides than for 
the unclad waveguides. For a p ra c t ic a l  d ev ice , t h i s  would 
n e c c e ss ita te  a to le ran c e  o f dbO.lpm in the  fib re-w aveguide 
alignm ent. This i s  ju s t  w ith in  the l im i t s  o f the ion -m illed  
coupler described in chapter 6.
The phenomenon is  r e a d i ly  explained in term s of the  minor 
f ie ld  components of the  tra n sm itte d  mode; i f  the  f ib re  i s  
displaced from the ideal position vhen butted to an e ssen tia lly  
p o la r is a tio n  in se le c tiv e  waveguide, the  f i e ld  "bending" a t  the 
extrem es of the in te g ra te d  o p tic a l waveguide means th a t  the 
l in e a r ly  p o la rise d  l ig h t  from the f ib re  can couple a t  l e a s t  
p a r t i a l l y  to  the "wrong" mode. For the m e ta l /d ie le c t r i c  clad 
devices, the fie ld s  are more lin early  polarised , and the drop in 
coupling efficiency  w ill be more pronounced.
Due to the large experimental error in the ex tinction  ra tio  
determ ined by the f ib re  method i t  i s  no t p o ss ib le  to determ ine 
whether the extinction ra tio  in the fib re  corresponds exactly to 
th a t obtained in the free-qpace case.
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Chapter 5-Optical Field Overleyp C alculations- a Design Tool for 
Integrated Optical/Fibre Optical Systems
5.1 Introduction
A constituent loss in the tran sfe r of power from an o p tica l 
f ib re  to an in teg ra ted  o p tic a l  waveguide i s  due to th e  s p a t ia l  
m ismatch o f the two o p tic a l  f i e ld s  (re f  1). I f  a l l  o th er 
parameters remain constant, the more closely matched the sp a tia l 
d i s t r i b u t i o n s  o f th e  o p t i c a l  f i e l d s ,  th e  more power i s  
transferred . For both titanium  indiffused waveguides and proton 
exchanged waveguides in lith iu m  n iobate  the o p t ic a l  f ie ld  
d i s t r i b u t i o n  may be a l t e r e d  by v a ry in g  th e  f a b r i c a t i o n  
conditions. D ifferent c rysta l cu ts , d iffusion  tem peratures, tim es 
and conditions yield widely varying op tical f ie ld  d is tr ib u tio n s  
for titanium  indiffused s trip e  guides (ref 2) v^ ile  the f ie ld s  of 
proton-exchanged guides may be varied by d iffering  combinations 
of exchange time and anneal times (ref 3). In addition, d if fe re n t 
types of s in g le  mode f i b r e  have d i f f e r i n g  o p t i c a l  f i e l d  
d is tr ib u tio n s  (characterised by the "spot size" or 1/e width). I t  
is  therefore important to be able to  determine q u an tita tiv e ly  the 
lo s s  due to the s p a t ia l  mismatch o f the two f ie ld s .  W hile i t  
would be p o ss ib le  to  measure th e  coupling lo ss  between the  two 
waveguides in a butt-œ upling arrangement (ref 1), i t  would not 
be possible to determine the component due to the f ie ld  mismatch, 
ra th e r  than propagation lo s s ,  end-face roughness, misalignment 
(re f  5) e tc . Several workers have used th e o re t ic a l  models to  
c a lc u la te  the dependence of the coupling e ff ic ie n c y  on v a rio u s  
experim en tal param eters, g e n e ra lly  assuming Gaussian f i e ld  
p ro file s  in both fib re  and in tegrated optical waveguide. However 
for some applications, for example m etal-clad waveguides, th is  i s  
not a valid  assumption (ref 6). Indeed, the ^jproximation is  not 
s t r i c t l y  accu ra te  even for conven tional titan iu m  in d if fu se d  
gu ides (re f  8). A fa r  more v e r s a t i l e  too l would be ob tained  i f  
data fron experimentally determined op tical fie ld  p ro file s  could 
be used.
I t  i s  th e r e f o r e  im p o r ta n t  to  be a b le  to  re c o rd  
q u a n t i t a t i v e l y  th e  near f i e l d  d i s t r i b u t i o n s  o f  o p t i c a l  
waveguides.
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5.2 Coupling co effic ien ts- D efin itions
The power t ra n s fe r re d  between two o p tic a l  waveguides i s  
g e n e r a l ly  d e sc r ib e d  in  th e  l i t e r a t u r e  by th e  a m p litu d e  
c o e f f ic ie n t  the squared value  of which g iv es the  power 
t ra n s fe r  between the gu ides in  the absence of a l l  o th er lo s s  
mechanisms. is  defined as (ref 14):
mO
5.1
Where i t  is  assumed th a t  the  axes o f the two gu ides are  
coincident. Before using th is  equation as the basis for designing 
in teg ra ted  o p tic a l  d ev ices , i t  i s  im portant to  q u estio n  i t s  
v a lid ity . Marcuse (ref 7) has considered the rad iation  losses a t 
th e  ab ru b t ju n c t io n  o f two s la b  g u id e s : we use h i s  tw o  
dimensional analysis to investigate  the v a lid ity  of equation 5.1. 
By co n sid era tio n  of the tra n sv e rse  components o f the  f i e ld s  a t  
the  boundary, the fo llow ing  equation  is  derived  fo r TE modes, 
where y is  the axis in the plane of the junction and p a ra lle l to 
the the guide-substrate boundary:
5.2
w ith  an equ iva len t expression  for TM modes. The two in te g ra l  
term s rep resen t the ra d ia te d  energy re f le c te d  and tra n s m itte d  
respectively. Subsequent elim ination and manipulation (see re f  7) 
y ie lds for IE modes:
C t  -- i f A  j _  f
W/XP J  ^  ^  5.3
and for the amplitude re flec tio n  coefficient:
Where q^, ie the reflected  rad ia tion , was neglected. Replacing
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the propagation constants by e ffec tiv e  indices y ie lds the plane- 
wave amplitude reflection  co effic ien ts  for normal incidence (ref 
20) Sim ilar expressions are obtained by replacing the transverse 
e l e c t r i c  and m agnetic  f i e l d  com ponents w ith  o r th o g o n a l  
components. The cond itions req u ired  fo r q^ to be in s ig n if ic a n t  
are th a t the reflected guided mode c a rrie s  more energy than the 
r e f le c te d  ra d ia tio n  mode. This w il l  be true  i f  guide 1 has a 
larger N.A. (ref 20) and/or is  physically  larger than the second 
gu ide. A lte rn a tiv e ly , i f  the s te p  h e ig h t is  sm all, the  modes on 
both sides are more nearly orthogonal.
Equation 1 is  then id e n t ic a l  to 3 except fo r a term 
representing the reflec tion  lo ss , and for a norm alisation factor 
rep re se n tin g  the to ta l  in c id e n t  power. For th is  reason , the 
coupling coefficien t w ill not in general be reciprocal. Depending 
on the position of such a junction within a system, th is  may have 
im portan t consequences for hybrid  in teg ra ted  o p t i c a l /  f ib r e  
o p t ic a l  gyroscopes.
Nemoto e t a l. (ref 9) have investigated a more general case, 
th e i r  an a ly s is  allow ing for a range of d i f f e r e n t  r e f r a c t iv e  
indices and propagation constants in e ither waveguide.
Finegan (re f 10) has stud ied  the  v a l id i ty  of th e  overlap  
in te g ra l  method in the con tex t of such analy ses, and concludes 
th a t the approximation is  good i f  the step size is  not too large 
(say tw ice  the width of the sm a lle r gu ide), and provided both 
guides only support a single mode.
With these provisions, we may therefore evaluate the power 
tran sfe r for a waveguide junction as:
In p rac tica l terms, the calculation  w ill then give the coupling 
e ffic ien cy  i f  both fie ld s  are single-mode, and of constant phase 
ac ro ss  the f ie ld ,  ie the end -faces are p e rfe c tly  f l a t  a c ro ss  
th e i r  w idth. The c a lc u la tio n  assumes th a t  the coupling  is  
re c ip ro c a l:  the v a l id i ty  of the  assum ption w ill  decrease  w ith  
increasing difference between waveguides. The method should not 
be used for integrated optical waveguides or optical fib res  where
167
more than one is  present.
Sampled F ields
I f  th e  two f i e l d s  were to  be sam pled a t  r e g u l a r ,  
iden tica lly  spaced intervals to yield a general value the
square ro o t o f which y ie ld s  the  modulus o f the e le c t r i c  f ie ld
equation 1 could be re-defined as:
Z r , ‘' Z A “
I, ' • vi
and the calcu lation  performed on a d ig ita l  computer. The number 
of sam ples taken must be s u f f ic ie n t  to  be ab le  to record any 
rapid sp a tia l fluctuations in in tensity .
5.3 Data acquisition and experimental d e ta ils
5.3.1 Equipment
The o p tic a l  f ie ld  d is t r ib u t io n s  were recorded using the 
experimental arrangement shown in figure 1. The waveguide under 
i n v e s t i g a t i o n  was mounted on a standard  c ry s ta llo g ra p h ic  
goniom eter head mounted on M icro C on trô le t r a n s la t io n  and 
r o t a t i o n  s ta g e s  p e rm itt in g  movement in  th ree  o rthogonal 
d irec tions, with two degrees of angular adjustment. Light from a 
la s e r  of the  appropria te  wavelength was focussed in to  the 
waveguide using a X40 microscope o b je c tiv e  (num erical a p e rtu re
0.85). T ransverse and v e r t ic a l  ad justm ent of the in te g ra te d  
op tica l device enabled maximum input coupling efficiency  to be 
rea lised . The optical output from the waveguide was then focussed 
onto the  v id icon tube of a Hamamatsu camera. The in f ra - re d  
s e n s i t iv e  tube is  a non-standard item , and has a s u f f ic ie n t ly  
broad response to be sensitive to both v is ib le  lig h t and the 1.3 
micron wavelength radiation used for the experiments. Two in fra ­
red la s e r  sources were used: f i r s t l y  a sem iconductor dev ice  
operating a t 1.3 micron wavelength driven by a constant current 
power supply (manufactured by MACOM). This laser provided a 5mW 
outpu t which could then be co llim a ted  w ith  a SELFOC le n s . The 
power measured immediately a fte r  the x40 microscope objective was 
a few microwatts. For applications demanding higher power (for
WAVEGUIDE
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example, po larisirg  waveguides) a CVI CORPORATION Nd^ "*':YAG la se r  
also operating a t 1.3 micron wavelength supporting continuously a 
s in g le  s p a t ia l  mode was used. This la se r  uses d i r e c t  w ater 
coo ling  on the flash lam p pumped rod, a r e c i r c u la t in g  co o le r 
supplied by Brunner S c ie n t if ic  controlling the temperature to  
+1^0. This laser suffered from an in tensity  varia tion  of a t  le a s t  
5% o f the  maxim un va lu e , o c ca s io n a lly  up to  50% d e s p ite  
continuous alignm ent (re f  15) . In a d d itio n , the  in te n s i ty  o f 
other wavelength output rad ia tion  was only SOdB below th a t of the 
l.Bum ra d ia tio n  (re f 16). A power ou tpu t of 50mW was a v a i la b le  
with th is  laser.
5.3.2 Alignment
In order to op tim ise  the tra n sm itte d  power, the  s u b s tra te  
was moved r e la t iv e  to the focussed la s e r ,  the p ro cess  being 
monitored with the Hamamatsu system. The waveguides were located 
by the  conventional " r is in g  sun" method (ref 11). In th e  case  o f 
waveguides s iç ^ r t in g  more than one mode, careful adjustm oit of 
the input o b jec tiv e  was p o ss ib le  to ensure th a t  on ly  the  
fundamental mode appeared to be excited. A lternatively, movement 
of the substrate enabled the multimode structure to  be displayed. 
An o p tio n a l p o la r is e r  mounted between la se r  and launching  
objective provided input po larisa tion  where appropriate, and a 
corresponding polariser a t the output port transm itted lin e a r ly  
p o la r ise d  components of the  ou tp u t w ith the a p p ro p ria te  f i e ld  
o rien ta tion .
5.3.3 Field Monitoring and Recording
The c o n tro llin g  e le c tro n ic s  fo r the camera m onitor th e  
in ten s ity  a t up to 1024x1024 poin ts. The in tensity  d is tr ib u tio n  
thus obtained can be d isp layed  on a TV m onitor, enab ling  
in te rac tiv e  alignment of waveguides when using infra-red  sources. 
While th is  qualita tive  exam ination o f the waveguide i s  u se fu l , 
and more conveiient than an in fra-red  viewer, for the purposes of 
the  o p tic a l  overlap c a lc u la t io n , the  f ie ld  in te n s i t i e s  m ust be 
recorded . A H)P 11-45 computer was th e re fo re  used (on a s in g le  
user basis) to log the  d a ta , an in te g e r  of between 0 and 999 
being recorded at each pixel. This process took approximately one 
minute for a 256X256 array, and approximately one th ird  of th is  
tim e fo r a reduced scan of 128x128 p o in ts . The da ta  were then
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form atted and tra n s fe r re d  to a GEC 4070 com puter (a p rocess 
taking approximately one hour) for final data processing.
5.3.4 Data Output
A permanent record of the optical f ie ld  was produced using 
the program "AGON". This produces from the d a ta  a p lo t  whereby 
a l l  po in ts  o f equal in te n s i ty  are  jo in ed , producing contouring  
s im ila r  to the  re p re se n ta tio n  of m ountains on maps. I f  the  
contours a re  s u f f ic ie n t ly  w idely spaced, the  v a lu es  o f the 
in tensity  are also printed. The in tervals between countours may 
be defined by the u se r: a d e fa u lt  value o f 20 i s  assumed. The 
contouring sub-program was provided by the  "GINOSURF" ro u tin e  
available on the computer used.
A typical p lo t is  shown in figure 2 th is  being of an optical 
f ib re  supporting  a s in g le  mode a t  1.3 micron w avelength. The 
sc a le  is  derived  from a knowledge of the d is ta n c e  between the 
output o b jec tiv e  and the Waveguide. The same computer package 
also offers the capab ility  to produce isom etric (3-D) p lo ts : in 
general the v a r ia t io n  in in te n s i ty  due to no ise  makes th ese  
c lu tte re d . Q u a n tita tiv e  deductions from such p lo ts  a re  a lso  
d if f ic u lt .
5.4 Corruption due to  Source In s ta b il i t ie s  and Camera Defects
While the  general p a tte rn  of the p ro f i le  i s  e v id e n t, i t  i s  
corrupted by a lo w -lev e l background n o ise , and by a "ragged" 
appearance. The l a t t e r  i s  due to i n s t a b i l i t i e s  in  the  Nd:YAG 
la s e r  being recorded during the f in i t e  logging tim e fo r the 
p r o f i l e .  T h is  cou ld  be reduced  by u sing  th e  more s t a b le  
sem iconductor la s e r  should the then low d e tec ted  power be 
accep tab le , or a f a s te r  scan ( by using fewer d a ta  p o in ts ) . 
A veraging a la r g e  number o f d a ta  s e t s  sh o u ld  y ie ld  an 
improvement. Figure 3 shows the contour p lo t of the fib re  shown 
in fig u re  2, but averaged over th ree  scans. The d a ta  t r a n s fe r  
time becomes p roh ib itively  lor^ for larger numbers of data se ts .
A square of maximum in tensity  occupying a square of side 5 
p ix e ls  is  seen a t  co o rd in a te s  (63,37) for an e q u iv a le n t sc reen  
leng th  of 128 p ix e ls .  This i s  due to a burn on the v id ico n  tube 
which had been c rea ted  by a previous user o f th e  cam era. As i t  
was always p o ss ib le  to d isp lac e  the usefu l p a r t  o f the  f ie ld  
p ro f i le  away from th is  d e fe c t ,  and due to the high c o s t  o f the
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vidicon tube, the la t te r  was not replaced and i t  was not possible 
to elim inate the defect.
For the purposes of the overlap  in te g ra l  c a lc u la t io n , the 
da ta  in th is  square were in te r p o la t e d  l i n e a r l y  from th e  
in te n s itie s  a t  surrounding points. For a given horizontal lin e , 
the in te n s itie s  I(i)  in the burnt region with ord inates between 
61 and 65 were in te rp o la te d  l in e a r ly  using the follow ing 
expression:
1 ( 0 =  i W  ilia) - i(ip))> i\-co) 5.7
6
This averaging was performed autom atically
5.4 Computer o v e r ly  calculation
Ihe program "OVER" calculates the power transfer coefficien t 
from equation  6. An o p tio n a l sub rou tine  enab les th e  background 
noise to be subtracted; th is  is  important for s itu a tio n s where a 
low sig n a l is  p resen t. The value to  be su b tra c te d  may be input 
d irec tly , being estimated feom a cross-section  . The la t te r  was 
obtained from a v isual inspection of the graphs produced by the 
program "CROSS", which takes a given l in e  in e i th e r  X or Y 
d irec tions and p lo ts  the in tensity  varia tion  across the line . The 
standard  "GINOGRAF" ro u tin e  "GRAF" was used to produce the 
graphs. F igure 4 i l l u s t r a t e s  the  c ro s s -s e c tio n  o f the f ib re  
p r o f i l e  shown in  f ig u re  2, tak en  a t  maximum i n te n s i t y .  
A lte rn a tiv e ly , one h a lf  of the p r o f i le  may be assumed to  be 
g au ssian , in which case the a d d itiv e  c o n stan t p resen t i s  
calculated and th e i subtracted fron a l l  data values.
The overlap  c o e f f ic ie n t  i s  then c a lc u la te d  to y ie ld  the 
value K. However, i t  is  unlikely th a t the two op tica l fie lds w ill 
be cen tred  on the same po in t in the a rray . T herefore one of the 
f ie ld s  is  sh ifted  by 4 pixels with respect to the other, and the 
value of K' c a lc u la te d . Should th is  be g re a te r  than K, the new 
value K' i s  assigned  to  K and the p rocess repeated . I f  no t, then 
the fie ld  is  sh ifted  in the opposite d irec tio n , again calculating 
K'. This sequence is  repeated in the orthogonal d irec tion , u n til 
a maximum value of K' has been found. To m sure maximum possible 
accuracy, the en tire  sequence is  repeated with a s h if t  incranent 
of f i r s t  2 ,then 1, th is  f in a l, maximised value of K being output.
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The program was w ritten in Fortran 77 and run on a GEC 4090 
computer a t  the Rutherford Appleton L ab o ra to rie s , t h i s  being 
accessed  v ia  the GEC 4180 a t  Glasgow and a telephone l in e .  No 
special l ib ra r ie s  were used.
5.6 R esu lts
In order to investigate the power transfer loss in coupling 
between op tical fibre and integrated op tica l waveguide, a se rie s  
o f waveguides were fab ric a te d  using tita n iu m  in d iffu s io n  of 
li th iu m  n io b a te , as described  in se c tio n  2.5, except th a t  the  
d i f fu s io n  tim e used was 40 hours a t  980°C, and the i n i t i a l  
thickness of titanium was 980A. All other fabrication  conditions 
were indentical. Ihe in i t ia l  width of the titanium  s trip es  ranged 
from (nom inally) 2 to  10 m icrons in 1 m icron s tep s . The o p t ic a l  
f ie ld  d is trib u tio n s were recorded as previously described , both 
fo r th i s  s e t  of waveguides, and for an o p t ic a l  f ib re  which was 
s u p p l ie d  by B r i t i s h  Telecom ( s in g le  mode a t  1.3 m icron  
w avelength w ith the c u t-o ff  wavelength fo r the second mode a t  
1.14um wavelength, core diameter 3.88 microns ).
Typical associated fie ld  p lo ts  are shown in figure 5, th is  
being of a Sum guide, while figure 6 shows the corresponding p lo t 
fo r a lOum guide. The f ie ld  d is t r ib u t io n  of the in te g ra te d  
o p t ic a l  waveguide shows a high degree o f a x ia l  symmetry, th i s  
being ch arac te ris tic  of waveguides fa b r ic a te d  in Z-cut lith iu m  
n io b a te , using titan ium  in d iffu s io n  w ith  p a r t ic u la r  d if fu s io n  
tim es.
The overlap  c a lc u la tio n  was perform ed using the program 
"OVER". The r e s u l ts  are shown in f ig u re  7. The v e r t ic a l  e r ro r  
bars re p re se n t the u n ce rta in ty  in the c a lc u la te d  value o f K, 
determ ined  by performing the  c a lc u la t io n  w ith two recorded 
p r o f i l e s  o f the same waveguide. The h o riz o n ta l e rro r  ba rs  
re p re se n t  an average u n c e rta in ty  in the w idth of the i n i t i a l  
t ita n iu m  s t r i p ,  which as described  in se c tio n  2.5 depends 
s e n s i t iv e ly  on various experim ental param eters. I t  i s  ev iden t 
th a t the transfer coefficien t varies with guide width, although 
an exact tren i is  d if f ic u lt  to define due to the large spread of 
data. I t  is  to be noted that a l l  loss mechanisms other than modal 
mismatch are im plicitly  excluded.
5.7 Other applications of the recorded fie ld  p rofiles
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The recorded f ie ld  p r o f i le s  may be used fo r s e v e ra l o th er 
purposes, notably the reconstruction of the waveguide re fra c tiv e  
index d istributicxi, the e ffe c t of la te ra l waveguide misalignment, 
and the optim al design  of e le c tro o p tic  guided wave modulators. 
The preceding discussion also suggests th a t the program could be 
used to evaluate the reduction in coupling effic iency  associated 
w ith  l a t e r a l  d isp lacem ent o f one of the waveguides. Using a 
m od ifica tion  of the program "OVER" i t  was p o ss ib le  to  e v a lu a te  
th i s  trend for the  recorded f ie ld  da ta . Having ob ta ined  the  
optimum value of the overlap coeffic ien t, and noted i t s  position , 
one f ie ld  is  sh if te d  by one p ix e l and the p rocess rep ea ted . The 
power transfer coeffic ien t is  again calculated, and the process 
repeated. F igure 8 show the  re s u l ts  for the  ju n c tio n  o f two 
gu ides: one w ith i n i t i a l  w idth Sum and the o ther w ith  i n i t i a l  
width lOum. The waveguides used here were fabricated with short 
(9.5 hour) high tem pera tu re  (1000°C) c o n d itio n s , the  f ie ld  
p r o f i l e s  from which a re  i l l u s t r a t e d  in  f ig u r e  and 6 
respectively. The sh ifting  is  performed p a ra lle l to the substrate 
surface, thus the re su lts  correspond to a la te ra l  misalignment. 
For a l l  p o in ts  w ith i , j < l  or i,j>128, no value i s  recorded fo r 
the optical fie ld . I t  is  therefore either necessary to assume i t  
to  be zero, or to make the da ta  "cy c lic" , ie  to re p e a t the da ta  
se t a fte r 128 pixels. In e ith e r case error w ill be introduced for 
appreciable in te n s itie s  a t the fie ld  edge: here the f i r s t  option 
was chosen for convenience.
The e f f e c t  was a lso  in v es tig a ted  using the s y n th e t ic a l ly  
generated fie ld  p ro files from the program "GAUSS". The e ffe c t of 
a l a te r a l  d isp lacem ent can be ca lcu la ted  th e o r e t ic a l ly :  For a 
gaussian fie ld  of half-w idth a t half-maximum (HWHM)ljthe amplitude 
overlap coeffic ien t is  proportional to:
—*6
Figure 10 shows the  r e s u l ts  of the c a lc u la t io n  o f th e  overlap  
c o e f f ic ie n t  fo r the s y n th e tic a l ly  generated f i e ld s ,  evaluated  
using the program "OVER".
Morishita (ref 17) has shown that for a rad ia lly  symmetric 
f i b r e  th e  r e f r a c t i v e  index d i s t r i b u t i o n  may e a s i l y  be
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re c o n s tru c te d  by eva lua tion  o f the  f i r s t  and second ra d ia l  
deriva tives of the optical power. The author reports th a t noise 
associated with the low-in ten s ity  f ie ld  far from the waveguide 
centre gives r ise  to errors in the re frac tiv e  index d is tr ib u tio n . 
However, due to the radial symmetry, in teg ration  is  possible to 
improve the accuracy of resu lts .
Ih is  is  not possible for the case of the titanium  indiffused 
waveguide where rad ia lly  symmetry ra re ly  ex is ts . Maccughan and 
Murphy (re f  18) using a system s im ila r  to the one repo rted  in 
t h i s  chap ter req u ire  a la rg e  number o f f i e ld  p ro f i le s  to  be 
averaged in order to yield even mediocre re su lts . For in ten sity  
values Ij^  j  recorded, the modulus of the e le c tr ic  fie ld  is  given 
by The re f ra c t iv e  index a t  t h i s  p o in t may be found
from;
n n , xll.
5.8
where
A;,4 g A;u "lAt.o ^ Ai-»,; + -2A:
A x i  A a c   ^ S '8
p  is  the propagation constant associated with the waveguide. Ihe 
quantisation of the signal represents a possible error. S u j^ se  
t h a t  a l in e a r ly  quantised in te n s i ty  sc a le  i s  used. For la rg e  
i n t e n s i t i e s  the q u an tisa tio n  e rro r  w i l l  be r e la t iv e ly  sm all. 
However, l e t  us suppose th a t the in te n s i ty  a t  a given p o in t i s  
10.51 un its , while that of the four immediate heighbours i s  9.49 
u n its . The quantisation process w ill assign values of 11 and 9 to 
the  p o in ts  re sp e c tiv e ly . Thus the  r ig h t  hand side  w ill  assume 
appoximately the value O.Q/â  ^ assuming =êyf instead of 0.4/Ûn- 
a large frac tiona l error. Ihus re su lts  obtained a t the fie ld  edge 
are of lim ited  accuracy, and averaging of the optical signal is  
e ssen tia l to reduce noise. In view of the long (1 hour) transfer 
time associated with the f i le s  used here, th is  was not possible. 
Using the  d a ta  recorded from the  o p t ic a l  f ib re  p rev io u sly
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described, i t  was attempted to reconstruct the re frac tiv e  index 
d istribu ticx i using the above prœ ess. The re su lts  are shown for a 
horizontal scan in figure 11- l i t t l e  information may be deduced 
frcxn the p lo t.
Neither Matsushita or Maccaughan cxinsidered the e ffe c ts  of 
d if f ra c tio n  on the resu lts .
Marcuse (ref 23) has shown th a t  a knowledge o f both the  
e l e c t r i c  f ie ld  and th e  o p t i c a l  f i e l d  a s s o c ia te d  w ith  an 
in tegrated  optical modulator may be used to optimise the device. 
For e le c tr ic  fie lds giving rise  to a local change in p e rm ittiv ity  
w ith  o p tic a l f ie ld s  E being p o la r ise d  in a p a r t ic u la r  
d irec tio n , the rela tive  phase change may be w ritten  as:
(3,^  S  \E \
'  l Ë r
5.10
where A^=|Q2nûn and ^n= (1 /2)rn ^ç  where r i s  the a p p ro p ria te  
e lec tro o p tic  coefficient (ref 23). However, th is  line  of research 
was not per sued.
5.8 V alid ity  of results -  The e ffe c ts  o f D iffraction
The above treatment has assumed th a t the recorded in tensity  i s  a 
tru e  re p re se n ta tio n  of the f ie ld  a t  the end of the waveguide 
under in v es tig a tio n . In genera l t h i s  i s  not tru e , as a s in g le  
po in t on the object plane w ill map to the point-spread function 
in the image plane (ref 21), where th is  includes both aberations 
and d i f f r a c t io n .  I f  in equation  5 one rep laces the s p a t ia l ly  
vary ing  f ie ld  E(x,y) by the F ourier transform  of the s p a t ia l  
frequency  spectrum (re f 21), and in frequency space
m ultiplying the spectral conponents by the Fourier transform of 
the point-spread function G, one obtains for K:
r i ” ( F t
^ __________ —-------------- —------     5.11
Where ^ d en o te s  the operation of taking the Fourier Transform.
185
15L
13LQ
12 l
<  10:
LUun
LUocw
LU
D
LU
<ÛC
10 11 12 13
PIXELS
X10
FIG 11 ATTEMPTED RECONSTRUCTION OF REFRACTIVE 
INDEX OF SINGLE MODE OPTICAL FIBRE FROM FIELD 
PROFILE AT 1-3 MICRON WAVELENGTH. (NO AVERAGING
OF DATA )
186
I t  is  evident tha t even in the case of d iffrac tio n -lim ited  
op tics, the function G is  inseparable as d iffra c tio n  w ill always 
be present. Thus the calculated value w ill always be corrupted. 
Deconvolution (re f  19) i s  not p o ss ib le  as G(f , f  ) may a t  someX y
S p a tia l  frequency be zero . Using a th e o re t ic a l  model , i t  was 
possible to investigate the e ffec t on the accuracy of the overlap 
c a lc u la t io n s  of d i f f r a c t io n  in the o b je c tiv e . The computer 
programme "GAUSS" generates gaussian op tical f ie ld  d is tr ib u tio n s  
o f v a r ia b le  h a lf -w id th , centred  on p o in t (64,64). The program 
"DIFFRACT" then sim ulated  d i f f r a c t io n  and v a rio u s  o p tio n a l 
d e fe c ts . A flow  c h a r t  for the program is  i l l u s t r a t e d  in f ig u re  
12. F i r s t  the s p a t ia l  Fourier transform  of th e  o b je c t f ie ld  i s  
ta k e n  (by v i r tu e  o f sym m etry, t h i s  need o n ly  be in one 
dimension), and multiplying in the s p a t ia l  frequency domain by 
the s p a t ia l  frequency response of the  o p t ic a l  system to be 
m odelled. A second d is c re te  Fourier transfo rm  (DFT) gave the  
Fraunhofer d iffra c tio n  pattern  arising  from the system (ref 21). 
Squaring the fie ld  values yielded a synthetic generation of the 
in te n s i ty  d is t r ib u t io n  which would have been incident upon the 
camera vidicon tube.
For a simple transmission function as i l lu s tra te d  in figure 
12, i t  was found th a t  the general trend of power tra n s fe r  
c o e f f ic ie n ts  follow ed th a t  produced w ith uncorrupted Gaussian 
f ie ld s , provided the width of the function in frequency space was 
(approximately) greater than the 1/e width in frequency space for 
the F ourier transform  of the ob jec t f ie ld  for the  f ib re . Figure 
13 i l l u s t r a t e s  a case where th is  c r i te r io n  was s a t is f ie d  the 
r a t i o  being 1.1 . Also i l lu s t r a te d  on the same graph is  the 
curve fo r an uncorrupted Gaussian, and for a d i f f r a c te d  f ie ld  
where the previous c rite rio n  was not met, the value being 0.7. I t  
i s  th e re fo re  believed  th a t the tren d s seen in the curves 
describing, for example, the experimentally determined variation  
of power tr a n s fe r  w ith waveguide width a re  v a l id ,  although a 
small error may be present in the absolute value.
5.9 Resolution of f ie ld  p lo ts
I t  is  important to consider the accuracy of the in tensity  
contour p lo ts . A thorough treatment of resolution in the case of
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coheren t source illu m in a tio n  is  given in re fe re n c e  20. The 
minimum resolvable separation of two points in the object f ie ld
w ill  be obtained  when the in te n s ity  d if fe re n c e  between the
maximum value and the local minimum betweoi the two peaks is  the
minimum resolvable by the optical system. For the human eye, the
figure normally quoted is  1pm. However, our detection  system may 
resolve in ten sity  changes far greater than the approximate figure 
of 3dB (±)tained with the human eye. Following the analysis of re f  
20, using a maximum in tensity  resolution of .001 y ie ld s  a minimum 
reso lv ab le  se p a ra tio n  of 0.9pm in te rp o la tin g  v is u a l ly  the  
argument of the Bessel function . This re p re se n ts  a m arginal 
improvement upon the fig u re  with the unaided eye. Even w ith  an 
in f in i t e  in te n s i ty  re s o lu tio n , the resolu tion  does not improve 
s ig n ifican tly  beyond th is  figure.
The p lo ts  presented are of the recorded, corrupted f ie ld . I t  
i s  th e re fo re  p o ss ib le  to p lo t these to any a r b i t r a r y  accuracy, 
a lth o u g h  no a d d i t io n a l  in fo rm a tio n  on th e  o b j e c t  f i e l d  
d is tr ib u tio n  may be obtained by so doing, (ref 24).
5.10 Discussion
The aim of th is  in v e s tig a tio n  was to  s e t  up a computer 
program to  be used w ith  the Hamamatsu camera to  enable a 
quan tita tive  investigation of optical fie ld  p ro file s  a t  in fra-red  
wavelengths to be underaken. I t  was a lso  d e s ired  to  study the 
e ffe c t of modal mismatching œ  the power transferred  between two 
sim ilar, but not iden tica l, optical waveguides.
The da ta  logging and recording of o p tic a l  f ie ld  da ta  has 
been demonstrated. Computer programs have been developed to give 
both a cross-section and a contour map of the op tical f ie ld s . For 
p rac tica l purposes, data fie ld s  of 128x128 points were used.
The v a l id i ty  o f the overlap in te g ra l  method of ev a lu a tin g  
coip lirq  loss has been considered; for the waveguide in terfaces 
encountered in coupling single-mode op tical fib res  to single-mode 
in te g ra te d  o p tic a l  waveguides, the method i s  shown to  be 
a ccu ra te . The method was then applied to da ta  recorded from 
in te g ra te d  o p tic a l  waveguides, and a q u a n ti ta t iv e  trend  of 
v a r ia t io n  of coupling e ff ic ie n c y  w ith waveguide param eters 
observed.
The method was a lso  extended to in v e s tig a te  the e f f e c t  of
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sm all l a t e r a l  d isp lacem en ts o f the waveguides, good agreem ent 
w ith  th e o re tic a l  p re d ic tio n s  fo r Gaussian f ie ld  p ro file s  being 
observed.
The e ffec t of d iffra c tio n  on the accuracy of the re su lts  was 
also considered; for the imaging systems used in the experiments, 
the r e s u l ts  a re  shown to be s l ig h t ly  co rru p ted , but the tre n d s  
are unaffected. Care should be takm  whoi applying the method to 
other waveguides or to d iffe re n t imaging systems.
The determination of refrac tive  index d is tr ib u tio n s  from the 
recorded data has been ^own not to be feasib le  with the present 
experimental arrangement: other d irec t methods o ffe r considerable 
advantages (re f  12). I t  i s  however suggested th a t  fu r th e r  work 
would enable the  da ta  to  be used to op tim ise  the  e le c tro d e  
configuration for any given optical p ro file .
Thus the technique and programs developed c o n s t i tu te  an 
im portan t design  to o l fo r any s i tu a t io n  where two d is s im i la r  
waveguides with variable fabricational parameters are to be b u tt-  
coupled. In p a rticu la r, the method is  useful for some in tegrated 
o p tic a l/ fibre op tical hybrid systems.
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Chapter 6 Coupling between optical Fibres and Integrated Optical 
Waveguide- a mechcKiically stable approach.
6.1 Introduction
In order to be able to couple l ig h t  from an in te g ra te d  
op tical waveguide, such as may be used to process the signal from 
an o p tic a l  f ib re  sensor, to  or from an o p tic a l  f ib re ,  some 
arrangement is  necessary to ensure th a t the re la tiv e  alignments 
are optimised and do not change with time. While our main concern 
here i s  w ith  lith iu m  n iobate  as a s u b s tr a te ,  i t  would be 
advantageous to be able to use any technique developed with other 
substra tes , for example semiconductors (ref 1)
Of the  various methods rep o rte d , the  b u tt-co u p lin g  method 
would appear to be the simplest. Several versions of th is  method 
have been d iscussed  in the l i t e r a t u r e  (re fs  2-14). The s im p le s t 
of these involves merely mounting the fib re  end-face adjacent to 
the in te g ra te d  o p tic a l waveguide ( re f  2). The e f fe c ts  of both 
positional and angular misalignments in such an arrangement have 
been in v e s tig a te d  using a th e o re t ic a l  model to  d esc rib e  the 
op tica l f ie ld s  (ref 11,5). A mechanical manipulator may be used 
to optimise the re la tive  positions and hence maximise the coupled 
power (ref 5). Epoxy or cyanoacrylate resins may then be used to  
ach ieve a permanent f ix tu re  (re f  8). Noda (re f  5) has obtained a 
f ib re - in te g ra te d  waveguide lo s s  of 3dB a t  1.15^m wavelength. 
Using index matching f lu id  and w ith  c a re fu l a tte n t io n  to  
waveguide fa b r ic a tio n  param eters , Ramaswamy (ref 12) has 
demonstrated a IdB loss for f ib re /ch ip /fib re  with a 1cm guide on 
Z-cut lithium  niobate. Campbell (ref 7) has reported experimental 
coupling lo sse s  of 0.5dB. However, the com plexity of the  
m echanical m anipulators used becomes p ro h ib it iv e  i f  a la rg e  
number of connections are required, as would be the case for the 
S ta r  coup lers w ith many branches re c e n tly  reported  in the  
l i te ra tu re .
The use of an ex te rnal mount fo r the f ib re s  which may then 
be b u t te d  to  th e  in te g ra te d  o p t i c a l  w aveguide has been 
in v e s tig a te d . S ilico n  was etched to leave  V-shaped grooves in  
w hich o p t i c a l  f ib r e s  cou ld  be lo c a te d  ( r e f s  8 ,1 4 ,) . The 
arrangement is  diown in figure la  &lb, and is  referred to in the
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^  FIG l a  USING ETCHED V-GROOVES IN SILICON 
TO LOCATE FIBRES AGAINST INTEGRATED OPTICAL
WAVEGUIDES IN A BUTT-COUPLING ARRANGEMENT
s t a r
coupler
r  LiNbO,
FIG l b  ILLUSTRATING THE POSSIBLE USE OF SILICON 
V-GROOVES IN COUPLING A LARGE NUMBER OF FIBRES 
TO INTEGRATED OPTICAL WAVEGUIDES
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l i te ra tu re  as "flip-chip" coupling, Bulmer (ref 8) has reported a 
throughput lo s s  o f 3dB f ib r e /c h ip / f ib r e .  However, when a la rg e  
number of fib re-w avegu ide  in te rfa c e s  a re  re q u ire d , i t  may be 
harder to ensure th a t simultaneous optimal coupling is  (±>tained 
in each case. In a d d itio n , the two c r y s ta l s  have d if f e r in g  
coeffic ien ts of thermal expansion. Using for lith ium  niobate the 
data  in  r e f  15 and for s i l ic o n  the da ta  in  r e f  16 the  e f f e c t  o f 
temperature change on coupling efficiency may be investigated.
Consider the coupler shown in figure lb. 10 fib res  are used. 
Due to the w idth of the f ib re s  with th e i r  p ro te c tiv e  p la s t i c  
coatings, a minimum p rac tica l separation of 30Cljum between centres 
may be assumed. Thus the outer waveguide c e n tre s  w il l  be 
separated by 2.7mm. Allowing the temperature to change from 0°C 
to 100°C increases th is  separation by 0.864 microns for S ilicon, 
while for the Z-cut lithium  nictate th is  becomes 4.347 microns. 
Thus the se p a ra tio n  o f the cen tres of the  o u te r f ib r e s  from the 
outer waveguides w i l l  be approxim ately 1.7^m. The e f f e c t s  o f 
m isalignm ent a re  documented in re f  5 fo r  a th e o re t ic a l  case , 
yielding a reduction in transmitted power of IdB. A lternatively , 
ex per imai t a l ly  obtained data may be used with a modified version 
o f the program "OVER" described in ch ap ter 5 fo r a given 
fibre/waveguide system.
In th is  v e rs io n  of the program, having determ ined the 
re la tive  positions of the two data sets which allow maximum power 
t r a n s fe r ,  one p r o f i le  is  sh if te d , the power t r a n s fe r  a t  each 
increm ental movement be ing  reco rd ed . The r e s u l t s  o f  th e  
c a lc u la tio n  show a reduction  of approxim ately  l.SdB fo r the 
la te ra l  misalignment assumed here.
6.2 Asymmetric Coupling in integrated op tical c i r c u i t /  f ib re  gyro 
co ils : i t s  e f fe c t  on zero rotation ra te  o ffse t
The rep e a ta b ility  and s ta b ility  of the coupling process has 
im portant consequences for the use of in te g ra te d  o p tic a l  
processing  system s w ith  o p tica l f ib re  gyroscopes and other 
sensors. We consider the single-pass gyroscope shown in figure 2. 
The e f f e c t  o f one im perfec t coupler is  rep resen ted  by the 
introduction of a reciprocal semi-silvered m irror with amplitude 
re f le c t io n  c o e f f ic ie n t  r .  We assume th a t  the e lem ents on the 
leading diagonal are equal, and that the o ff diagonal elements in
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the Jones Matrix (ref 22) are zero. Thus the reflected  signal has 
the same sta te  and degree of po larisa tion  as the incoming l ig h t . 
The phase s h i f t  a sso c ia ted  w ith  the  n o n -ro ta tin g  in p u t/o u tp u t 
leads is  The anticlockwise propagating beam has a phase s h if t  
of -Kl where the to ta l non-reciprocal Sagnac sh if t was defined in 
chap ter 1, while the  clockw ise propagating beam has the  same 
magnitude but opposite  sign  of s h i f t .  Due to r e f le c t io n s ,  the  
f ie ld  apparently emanating from the clockwise beam is ;
6.1
w h ile  fo r the  s ig n a l  a p p a r e n t ly  em enating from th e
counterclockwise beam is:
Expanding, and taking the tim e-average  of the s ig n a l y ie ld s  an 
in te n s i ty  p ro p o rtio n a l to (r + 2 (1-r)cos(D) For p e r fe c t  
alignment, the signal would be simply 4cos^. Ihus assymmetric 
coupler alignm ent g ives r i s e  to an o f f s e t  in the ro ta t io n  r a te .  
I f  mechanical perturbations are allowed to disurb the coupling in 
a tim e-varying  manner, an apparen t v a r ia tio n  in ro ta t io n  r a te  
w ill resu lt.
To consider the e f f e c t  of two unequal r e f le c t io n s  a t  the 
coupling in te rfa c e , and to in v e s tig a te  the e f f e c t  o f th e i r  
va ria tion  we consider a sim ilar model diown in figure 3. F ields 
of u n it  am plitude are in c id en t upon the two input p o r ts . The 
r e f le c t io n  c o e f f ic ie n ts  a t  the two in te rfa c e s  a re  r^  and r 2  
in s id e  the f ib re , and r^  and r j  w ith in  the in te g ra te d  o p t ic a l  
guide. With phase delays (X)^  and -< # 2  associated with the clockwise 
ard counter-clockwise beams respectively , we obtain for the to ta l  
f ie ld s :
g c  r ; \  r^ ' + Q.cos<p 6.4f\
We now set r 2 =-r^ and r j= r2+Af then 
The de tec ted  signal w ill  be p ro p o rtio n a l to the square o f the  
to ta l  fie ld  E. D ifferentiation with respect to A yields
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Itius variaticsi in the alignment of e ither coupler w ill appear as 
an apparent ro ta t io n  r a te .  Increasing  the r e f l e c t i v i t y  o f the 
ro irro rs  and hence the  f in e s se  of the reso n a to r would make the 
contribution from higher-order reflections more s ig n ific an t: th is  
is  the basis of the resonant ring gyroscope.
For sim pler sen so rs , such as the Mach-Zehnder the same 
c o n s id e ra tio n  m erely g iv es  r i s e  to a red u c tio n  in  m odulation 
depth o r , i f  the phenomenon v a rie s  w ith tim e , no ise  in the 
signal. I t  is  thus apparent that the alignment grooves should 
be on the same su b s tra te  as the in teg ra ted  o p tic a l  waveguides. 
This would make the in i t i a l  alignment a t r iv ia l  a f fa ir  and would 
render the coupling effic iency  immune to changes in temperature. 
Such a mechanism was in fac t proposed by Maclaughl in (ref 17) and 
i s  i l l u s t r a te d  in f ig u re  4. The method has a lso  been used to 
align fib res with photochromie waveguides in organic substra tes , 
where wet chemical etching through photolithographically defined 
masks is  easily  performed (ref 18). However, the deeper grooves 
required  w ith l ith iu m  n io b a te , and the absence of d i r e c t io n a l  
e tch ing  as compared w ith  say s i l ic o n , req u ire  an a l te r n a t iv e  
fabricational method to be used.
6.3 Design Considerations
Argon ion beam m illing , a non-reactive technique, has been 
demonstrated to yield contro llab le, repeatable erosion of lithium  
niobate substrates (refs 19,20,21). Ihe process is  characterised 
by a w ell defined beam-energy and d ire c tio n . The argon ions 
remove m aterial in a way analogous to sandblasting of buildings. 
In both cases , m a te r ia l  w ith a c lear path to  the source is  
removed, a t  ra te s  which w il l  in general vary according to  the 
m aterials. Metals are quickly eroded (indeed, th is  may be used as 
an a lte rna tive  method to l i f t - o f f  in patterning titanium  p rio r to 
diffusion into lithium  n iobate su b s tra te s ) . S u itab le  m a te r ia ls  
are p la s t i c s  having a high carbon con ten t, y ie ld in g  a minimal 
amount of re-sputtered m aterial. Thick polyimide layers have been 
used w ith  s u c c e s s ,  however they  a re  e roded  a t  a r a t e  
approxim ately tw ice  th a t  o f l i th iu n  n iobate. Thus, in  o rder to
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define grooves of say lOjiim depth, approximately 2Clpm of masking 
m a te r ia l would be req u ired . Any p a tte rn  d e lin e a te d  in  the  
polyimide mask w ill be replicated exactly in the lith ium  niobate, 
including any imperfections.
Practical considerations d ic ta te  a l im it  of 20 microns for 
the final thickness of polyimide which may be produced. Since the 
maximum depth of groove which may then be fa b r ic a te d  is  
approximately lOpm, i t  w ill be necesary to reduce the diam eter of 
the fibre accordingly. Most commercially availab le  f ib re s  have a 
cladding d iam eter o f approxim ately 125^m, a lthough  minor 
vaiations with length and between sample batches are common. Thus 
a large frac tion  of the fib re  must be removed.
6.4 Location groove fabrication
The experim en tal p rocesses required  are  i l l u s t r a t e d  in 
fig u re  5. The s u b s tra te ,  cleaned as described  in  c h ap te r  2 i s  
coated in polyim ide. This i s  performed by d is so lv in g  20% 
p o ly im id e  by w e ig h t in  a 156/100 by volum e s o l u t io n  o f  
acetophenone and xylene. Spinning at 2000 rpm for 1 minute y ields 
the  requ ired  f in a l  th ick n ess . U nfortunately  the  so lu tio n  i s  
extremely th ick, having approximately the consistency of tre a c le , 
and may not therefore be f ilte re d  to remove im purities. Heating 
the sample to 150°C fo r 30 m inutes , follow ed by 60 m inutes a t  
250 °C drives o ff excess solvent to leave the polyimide. This may 
then be c ro ss -lin k e d  by m aintain ing  the sample a t  350°C fo r  90 
minutes. Successful completion of the process i s  indicated by a 
l i la c  colour compared to the orig inal yellow of the polyimide.
P a tte rn in g  of the  mask is  accomplished by co a tin g  the 
polyimide with approximately ]^m of aluminium by standard thermal 
evaporation. This is  then coated with photoresist as described in 
chapter 2. Standard exposure with dark-field  masks is  then used 
to y ie ld  a "clear" area where the f in a l  groove i s  req u ire d . 
Etching with standard aluminium etch removes the aluminium in the 
exposed reg io n , a f te r  which the remaining p h o to re s is t  may be 
removed by immersion in acetone. I t  is  important to avoid the use 
of u ltra so n ic  baths a t  th i s  stage as the polyim ide la y e r  has a 
tendency to l i f t  away from the substrate.
The next stage in the fabrication process is  the removal of 
the polyimide in the region in v^ich the fina l groove is  desired.
f
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The polyimide fonns the masking layer for the subsequent groove 
f a b r ic a t io n ,  thus a w e ll-d e fin ed  p a tte rn  in the form er is  
e s s e n t ia l .  Reactive ion e tch ing  in oxygen prov ides v e r t i c a l  
w alls , the edge defin ition  of v^ich is  d ictated  by the o rig ina l 
p h o to lith o g rap h ic  d e f in i t io n . A photograph of a p a tte rn e d  
polyimide mask is  shown in re f 20.
The f in a l  step  in the groove fa b r ic a t io n  is  the e tch in g  of 
the s u b s tra te  i t s e l f .  A IKeV energy beam o f argon ions ( Ar*^ ) 
w ith  a beam cu rren t d en sity  ranging from 0.6 to 1.0 mA/cm^ was 
in c id e n t normal to the c ry s ta l  su rface . The r a te  o f e tch in g  o f 
the  su b s tra te  is  a se n s it iv e  fu n c tio n  of the beam c u rre n t 
d e n s ity ;  while th is  e f f e c t  may be c a l ib ra te d , to  ensure 
re p e a ta b le  r e s u l ts  i t  is  necessary  to  con tinuously  a d ju s t  th i s  
variab le  during the process. Typical etch ra te s  obtained for the 
process are 45nm/min. The residual aluminium a t the s ta r t  of the 
m illing  process is  quickly removed, the selective etching being 
determined by the polyimide masking layer.
The f i n a l  groove w a ll q u a l i t y  i s  d e te rm in e d  by th e  
d e fin itio n  a t the in i t ia l  photolithographic stage. A photograph 
o f a com pleted groove is  shown in  re f  20. A sm all r id g e  o f r e ­
sputtered LiNbOg formed a t the upper corner of the groove may be 
removed by scrubbing the su b s tra te  w ith  d e te rg en t using a s o f t  
p l a s t i c  sponge. In p ra c tic e , i t  was found d i f f i c u l t  to o b ta in  a 
high q u a li ty  corner in the groove p lan  view , thus th e  c ro s s ­
groove seen in ref 20 was used. This would onable the fib re  to be 
pushed to the end of the groove a t  a la te r  stage.
6.5 F ibre preparation
As even with the la rg e  polyim ide th ickness used, the 
maximum groove deprth was approxim ately  lOjum, i t  would not be 
possib le  to locate the fibre  d ire c tly  in the groove. Thus i t  was 
n ecessa ry  to etch the f ib re  to a s u ita b ly  sm all d iam ete r. This 
p ro c e s s  was c a r r ie d  out by Dr A.McDonach, and th e  e x a c t  
experim en ta l condtions requ ired  are  d e ta ile d  in r e f  19,20,21. 
Using a varie ty  of mixtures of n i t r ic  and hydrofluoric acids and 
w ater, repeatable etching of the in i ta l ly  100 yum fibre suppied by 
B ritish  Ttelecom (core diameter= 3.88um, single mode a t 1.3 micron 
waveler^th) was demonstrated. Monitoring of the process led to a 
f in a l  tolerance of +0.^m in the diameter.
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The etching process damages the end face of the fib re  due to 
the  inhom ogeneity across the f ib re  d iam ete r. While i t  may be 
p o ss ib le  to use th is  to advantage, eg. in the fa b r ic a t io n  o f 
m icrolenses, for the purposes of th is  experim eit i t  was desired 
to use a f l a t  end-face. The f ib re  was th e re fo re  po lished  as 
d esc rib ed  in re fs  19,20,21 by p o ttin g  w ith  s o f t  wax in a g la s s  
c a p i l l a r y  tube , which i s  then po lished  normal to i t s  ax is . The 
f ib re  may then be removed by immersion in tr ic h lo ro e th a n e  i f  
desired .
6.6 Integrated optical waveguide selection  and fabricaticm
As was discussed in chapter 5, the power transferred between 
two o p tica l waveguides depends on, among other parameters, the 
r e l a t iv e  d is t r ib u t io n s  of the two o p tic a l  f i e ld s  concerned. I t  
w i l l  th e re fo re  be im portant in the f a b r ic a t io n  of a lo w -lo ss  
coupler to  m inim ise th is  c o n s titu e n t lo s s . Since the d e s ire d  
geom etrical properties of the fib re  had already been obtained via 
the etching properties, i t  was decided to optimise the integrated 
o p t ic a l  waveguide to achieve maximum power tra n s fe r  from th is  
f ib re .  The waveguide design may be perform ed using the f i e ld  
overlap calcu lation  described in chapter 5.
In th is  case, a series of 8 s trip e  guides of widths between 
2 and 10 pm and in it ia l  thickness 87nm were diffused in a flowing 
wet argon atmosphere for 40 hours with the substrate cooling in 
flow ing wet oxygen as shown in f ig u re  6. These guides were 
fa b r ic a te d  on a separate  sample of z -c u t LiNbOg, using the  
p ro cesses  described  in chapter 2. The re s u l t in g  gu ides, once 
polished for end-fire couplirg, were excited with a semiconductor 
la s e r  op>erating a t 1.3 micron wavelength. The re su ltin g  near­
fie ld  p ro file s  were imaged onto the infra  red sensitive  v id icon 
tube in the usual way, and the data recorded. The field  p ro file s  
of the fib re  to be used were also recorded, both before and a fte r  
etching of the cladding. The overlap calculation  was performed as 
described in chapter 5 for both etched and unetched fibres with 
each titanium  indiffused waveguide. The resu lting  values of the 
power tran sfe r coefficient are shown in figure 7.
The e rro r bars drawn represent an estim ate of the e ffe c t of 
the  e r ro r  mechanisms d e ta ile d  in chap ter 5. While the  la rg e  
i^read of values precludes the selection of any one waveguide as
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the  most s u i ta b le ,  i t  i s  ev iden t th a t  the w idth o f the  i n i t i a l  
tita n iu m  s t r i p  should be between 3 and 8^m fo r e f f i c ie n t  
transfer. I t  is  also seei th a t etching the fib re  causes a drop in 
power transfer of approximately 5%. I t  is  to be emphasised th a t 
selection  of d iffe ren t diffusicxi times, tem peratures, conditions 
e tc . may yield d iffering  resu lts  from those presented here.
6.7 Measurement o f œ rpler performance
The experim ental arrangem ent used to t e s t  the coupler i s  
shown in f ig u re  4. The f ib re ,  held in a g la ss  c a p i l la r y  tu b e , i s  
mounted on a com bination of ro ta t io n  and t r a n s la t io n  s tag es  
arranged to g ive  movement w ith a re so lu tio n  of 0.1pm in th ree  
orthogonal axes, and ro ta t io n  in the h o riz o n ta l p lane . The 
lithium  niobate device was mounted on a standard crystallographic 
goniom eter head ( supplied  by Stoe and Son GmBh). The etched 
fib re  was placed in the groove with the polished end-face proud 
o f the su b s tra te  and somewhat beyond the end of the  groove. 
Havirg located the shank of the fibre in the groove, drawing back 
the fib re  allowed i t s  end-face to locate against the ion-m illed 
groove end-face. A second f ib re  re s tin g  on top o f the  f i r s t  and 
a t  90° to  i t s  a x is  p ro v id ed  v e r t i c a l  p r e s s u re  to  e n su re  
mechanical s ta b il i ty  during the measurements. The alignment was 
f a c i l i t a t e d  by the use of a ste reo  microscope used a t  X60 
m agn ifica tion . For the  complete device, an in s e r t io n  lo s s  o f -  
3.IdB was determined from fibre  to output face of the integrated 
o p tic a l  waveguide. This was measured by determ in ing  the power 
output from the integrated optical waveguide, and comparing i t  
w ith  the power emerging from the f ib re  before in s e r tin g  in the 
groove.
6.8 Determination of constituent loss mechanisms
In evaluating the usefulness of the coupler, and to be able 
to  improve the coupling efficiency, i t  is  important to determine 
the magnitudes of the c o n s titu e n t lo sses. From a knowledge of 
the Fresnel losses involved, one can calculate the coupling loss 
alone to be -2.6dB for f ib re  to in teg ra ted  o p tic a l  waveguide as 
shown in ta b le  1. The power lo ss  due to modal mismatch has 
a lreaiy  been discussed, a minimum value of -0.5 dB being obtained 
in th is  case. The lo s s  due to the f ib re  re s t in g  in the m illed  
groove was determined by holding the etched fib re  in a separate
Table 1- Constituait Losses in  Ion Milled Coupler
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Calculated Fresnel r e f le c t io n  lo s s -  
waveguide ends, 2x 0.68dB 
Measured groove scattering  loss 
C alcu la ted  f ie ld  overlap  
Measured taper loss
1.36dB
0.5dB
0.51dB
OdB
Total
Measured value
Remainder (due to aid-face scattering  etc)
2.37dB 
3. IdB 
0.73dB
Net ooipler insertion lo ss
Fresnel loss (i) waveguide end 
(ii) Fibre end
0.68dB
0.16dB
Groove scatter
Field overlap
End face sc a tte r , a l igrmait
Reduction by index matching
Net loss with optimal index matching
0.16dB
O.SldB
0.73dB
0.76dB
1.82dB
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open-ended groove and determining the excess lo ss, a value of -  
0.5dB being measured. No lo ss  could be measured for the  tapered  
s e c tio n  o f the f ib re . Thus as shown in ta b le  1, the rem aining 
lo ss , due to such mechanisms as end-face scattering , alignment, 
and waveguide attenuation is  calculated to be 0.73dE. I t  is  also 
seen th a t the use of an optimum index matching flu id  between the 
f ib r e  and the titan ium  in d iffu sed  waveguide would reduce the 
unmatched value of -2.6dB to -1.8dB.
6.9 Discussion
A rugged device has been demonstrated for coupling between 
titanium  indiffused waveguides in lith iu m  n io b a te , and o p t ic a l  
f ib res . While the losses of in i t i a l  devices have been determined 
a t 1.3yum wavelength to be -2.6dB, a tten tion  to groove q u a lity  and 
index matching Ëiould yield sig n ifican tly  improved performance. 
The groove quality  is  lim ited by the photolithographic exposure 
used in the fa b ric a tio n . I t  i s  envisaged th a t  e le c tro n  beam 
exposure with the appropriate re s is ts  would yield smoother w alls 
and thus improve the s i tu a t io n ,  i f  the sh o rte r  groove len g th  
could be to le ra te d . Experim entation w ith  d i f f e r e n t  waveguide 
fab rica tion  parameters, such as d iffusion time, in i t ia l  titanium  
th ic k n e ss  e tc . may reduce the  O.SldB modal mismatch lo s s . 
Adjustmoit of the waveguide fabrication  parameters may however 
incur increased waveguide loss due to scattering . The excess loss 
o f the  dev ice  may vary w ith w avelength- th is  has no t been 
investiga ted .
The coupler could be made mechanically rig id  by the use of, 
for example, epoxies. However, care must be taken th a t cap illa ry  
a c tio n  does not l i f t  the etched f ib re  out of the groove. The 
m ethod would be a p p lic a b le  to  o th e r  s u b s t r a t e s ,  eg , 
sem iconductors, g la sse s  . In a d d itio n , the method would lend 
i t s e l f  to mass production, should integrated optics reach such a 
stage. The coupling effic iecy  of an array of fibres connected to 
a corresponding array of integrated op tical waveguides should be 
immune to the otherw ise adverse e f f e c ts  of tem pera tu re . The 
method would appear to be idea l fo r coupling the f ib re  sensing  
c o ils  to an integrated optical implementation of the processing 
system of a fibre  optic gyroscope.
The long-term  mechanical s t a b i l i t y  of the device has not
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been determined. As discussed in th is  chapter, unstable coupling 
may have an adverse e f f e c t  on the perform ance o f an in te g ra te d  
o p tic a l/f ib re  op tical gyroscope using the component.
N ote: Andonovic e t  a l (Barr and Stroud Ltd) have re c e n tly  
demonstrated the application of the method to coupling between an 
in te g ra te d  o p tic a l  frequency s h i f t e r  and a b iré f r in g e n t  f ib r e  
obtaining ccmparable losses.
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C hapter 7— P ro cessin g  th e S ig n a ls  from the S in g le  Fibre 
Polarim etrie Sensor: Detection Schemes and Component Requirements
7.1 Introduction
The single fibre  polarim etric sensor, described in chapter 1 
o f f e r s  considerab le  advantages in term s of improved c ro s s ­
s e n s i t i v i t y  and s i m p l i c i t y  o f c o n s t r u c t io n  over o th e r  
configurations (ref 1,2,3). The sensors may also be manufactured 
in  lo c a lis e d  ra ther than d is t r ib u te d  form (ref 4). In i t s  
s im p le s t form, d e te c tio n  of the  measurand i s  accom plished by 
exciting  with equal amplitude the two degenerate eigenmodes of a 
h igh ly  b iré f r in g e n t f ib re  and examining the  in te rfe re n c e  term 
between the two beams. The in tensity  is  then a periodic function 
o f the  measur and a ffe c tin g  the f ib r e ,  as indeed i t  would be fo r 
the equivalent Mach-Zehnder interferom eter. Methods of re triev ing  
the  phase term , and the e f f e c t  of v a r ia t io n  in power s p l i t t i n g  
r a t i o  vetween the two modes were considered in chap ter 1. 
Problems asso c ia ted  w ith  even a p e r fe c t  im plem entation o f the 
technique are:
(i) The p e rio d ic  nature of the o u tp u t, and re s u l ta n t  am biguity  
unless fringe-counting and tracking techniques are used, and
( i i )  The high dynamic range: fo r a v e r s a t i l e  system we re q u ire  
high accuracy of detection (say O.Ol^ C for a temperature sensor) 
b u t w ith  a la rg e  range o f s ig n a l  (say  lOO^C fo r  p ro c e s s  
applications) .
Heterodyne and c losed -loop  de tection  schemes may overcome 
the second problem: such techniques have a lso  been used w ith  
advantage w ith o p tic a l f ib re  gyroscopes. Kersey (re f  4) has 
rep o rted  immunity of input and ou tpu t lead s to the measurand 
using a particu lar geometry: he also reports the use of frequency 
sw itch ing  and frequency ramping to genera te  pseudo-heterodyne 
outputs. A change in the d iffe re n tia l po larisa ton mode delay ^  
is  given by iSjp=2n5lûV/c where Zil=IB=Ll/Lp, B is  the birefringence 
(ref 6) and L the fibre length. is  the optical beat length, ie 
the le rg th  of fibre over which the re la tiv e  modal delay changes 
by 2m Switching the source by Av!=V^ -V2  gives outputs of the form
214
(1+cosQ)) and (l+sin(D), provided LQ=lpC/lâv, or any odd m ultip le 
th e re o f . This imposes r e s t r i c t io n s  on e i th e r  the f ib re  leng th  
(and thus cxi the sensitiv ity ) or on the two sources which must be 
used. Subsequent e le c tro n ic  p rocessing  y ie ld s  an output o f the  
form sin(w^t-CD). A lternatively, the frequency of the source may 
be modulated, e ither d irec tly  or ex ternally  to drive the output 
over the (l+cos(D) fringe. However, compensation for variations in 
source in tensity  must be made in the signal processing system.
7.2 Improved system configuration
A new method of p rocessing  the s ig n a l from th is  type of 
sensor w ill now be described. The method makes use of integrated 
o p t ic a l  components, although an a ll  fibre-implementation would 
a ls o  be p o s s ib le .  The se n so r o p e ra te s  in  a c lo s e d - lo o p  
c o n fig u ra tio n , giving an e s s e n t ia l ly  analogue output. The 
se n s itiv ity  of the system w ill be shown to be high: the dynamic 
range is  l im ite d  by a v a ila b le  components and an in t r in s ic  
l im i ta t io n  of the technique. For an id ea l arrangem ent, the  
apparen t value of the measurand is  independent of source 
in te n s i ty ,  although th is  w il l  a f f e c t  the s e n s i t iv i ty  of the  
system . The method is  idea l fo r the d e te c tio n  of DC measurands. 
A ppropriate  se le c tio n , and p o ss ib ly  co a tin g , of the f ib re  w il l  
enable such measurands as pressure, s tra in  and magnetic fie ld  to 
be detected .
Consider the system shown in figure 1. We assume unit fie ld  
am plitudes ex c ite  with equal s tre n g th  the two eigenmodes of a 
f i b r e  w ith  h igh  i n t r i n s i c  b i r e f r in g e n c e  ( re f  6 ,13). The 
frequencies of the two beam are made to d if fe r , ie we have f j  and 
f 2  where f j= f 2 +^f. The phases of the l ig h t  beams leaving the 
f ib re  are :
L 7.1
7.2
I f  th e  two beams were i n i t i a l l y  in  p h a se , th e  o u tp u t .
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proportional to (1+cos(@2 -0)2 )) y would be such as to minimise the 
s e n s i t iv i ty  o f the sensor. Thus aTT/2 b ia s  i s  in troduced  for DC 
detection schemes. Any noise in th is  bias w ill appear as noise in 
the detected signal. The bias may also be accomplished by a given 
fixed re la tiv e  frequency s h if t  of the beams. We now consider the 
refractive  indices to depend upon wavelength and some e x te rn a l 
in flu en ce . The choice of the l a t t e r  is  un im portan t; we use 
tem perature in th i s  example, but se le c tio n  of the  a p p ro p ria te  
coeffic ien ts  would give a sim ilar analysis for pressure, s tra in  
etc. The changes of phase are then:
A(Ç,= ^  ^  7.3
and
Suppose now we wish to  vary the frequency f 2  to  "nu ll"  the 
re s u ltin g  phase change, ie  we require  ^ 2 -@^=0 , expanding the 
above expression and gathering like terms y ields:
0 = l C ü I ' a t
C U w  C 7.5
4  4- A T
Where B=n2 ~n2 i s  the modal b ire frin g en ce , and the  d isp e rs io n  
a ffec ts  only the mode with changing frequency. Further, we assume 
th a t  no c ro ss-coup ling  e x is ts  along the f ib re  len g th . I f  we 
assume that the dispersion term is zero, and the terms describing 
charge in birefringence are much smaller than those affecting  the 
change in length, we obtain:
n, n,
Thus the re la tiv e  frequency difference required to maintain the 
nu ll depends on the refrac tive  index (a function of temperature).
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and is  independent o f len g th . The s e n s i t iv i ty  w il l  o f  course  
depend on the leng th . A s im ila r  r e s u l t  is  a lso  ob tained  fo r the 
phase nullirg  fib re  optic  gyro (ref 9).
7.2.1 Magnitude of frequency sh ift required
For an o p tic a l  source of wavelength 1 micron and assum ing 
dn/dT=l 0“^, with core indices approximately 1.46, the frequency 
s h if t  required to null the phase difference arising frcm a change 
of temperature is  given approxiamately by:
t  7.7
7.2.2 Implementation
The la rg e  frequency s h i f t  required for high dynamic range 
operation imposes considerable requirements on the o p tica l device 
used to perform the fu n c tio n . Fibre o p tic  im plem entations 
repo rted  to date  have re l ie d  on PZT (lead zirconium  t i ta n a te )  
(ref 5) transducers. These tend to have low bandwidth and uneven 
frequency responses. Bulk devices relying on e ither the acousto- 
o p tic  or e le c tro -o p tic  e f f e c ts  (ref 7) are a v a ila b le  w ith  the 
required performance, but are inappropriate for low-cost or mass- 
produced systems. Integrated optics however is  highly su itab le . 
Frequency sh ifte rs  have been demonstrated on lithium  niobate with 
s h i f t s  of up to 20GHz being p red ic ted  in serrodyne arangem ents 
(re f  8 ). This would lead to  a range of tem peratures of lOO^C 
with which the system could cope. A possible implementation is  
shown in figure 2. I t  is  noted that a considerable complexity of 
processing electronics is  needed.
Two orthogonal modes of a titan ium  in d iffu sed  guide are 
se lec ted  on separa te  gu ides. The p o la r isa tio n  o p e ra tio n  i s  
performed as c lose  to the f ib re  as possib le  to m inim ise mode 
mixing in the in teg ra ted  o p tic a l  guide (ref 11). One beam i s  
shifted  in frequency by a serrodyne frequency tran s la to r (ref 12 
). Upon launching in to  the sh o rt titan ium  in d iffu sed  gu ide , no 
in te rfe re n c e  between the modes w ill  take p lace due to  th e i r  
othogonality. Thus one unshifted mode and the orthogonal, sh ifted
2 1 8
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mode a re  lau n ch ed  in to  the  f i b r e .  D e te c tio n  i s  s im p ly  
accom plished by coupling the re tu rn  lead to  the p o la r is in g  
r e c e iv e r  g u id e  w ith  the  a x is  r o ta te d  by 45^ and u sin g  a 
photodetector. The frequency sh if t  is  then altered  to improve the 
nu ll of the signal. Upon successful nulling, the frequency s h if t  
used i s  recorded. The phase m odulator shown se rves to  impose a 
sinusoidal re la tiv e  phase delay between the two modes: th is  w ill 
aid detection of DC measurands.
7-2.3 Adverse e ffe c ts  on system performance
Several e f f e c ts  w ill  operate  to reduce the s e n s i t iv i ty  o f 
the system. They are:
(i) mode-mixing in the launching se c tio n  (titan iu m  in d iffu sed  
guide),
( i i)  coupling between the modes along the f ib re :  th i s  i s  
minimised by the use of fibre with very high birefringence
( i i i)  sidebands being present in the shifted signal
7.2.4 E ffect o f p artia lly  non-shifted beam and unwanted frequ^icy 
components
Suppose th a t the frequency sh if te r  is  imperfect: a frac tion  
(1-A) of the  l ig h t  is  sh if te d , w hile a f ra c t io n  A is  a t  some 
other frequency f^. Thus f j  in expression 7.3 is  replaced by
+  A ^ J  7.8
Expansion as p rev iously  descibed y ie ld s  fo r the requ ired  
frequency s h if t :
7.9
r ^<2. -  HyCl-a)) -
n , ( i -  A , ( i - a')
I f  fg represents the unshifted beam, the second term on the r ig h t 
hand side  c o n s t i tu te s  a constan t e r ro r  term . Provided th is  i s  
s ta b le ,  for a given system th is  may be c a lib ra te d  o u t, m erely 
affecting  the sen sitiv ity . If fg is  a harmonic of f j ,  the re su lts
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w ill  be co rru p ted , while for a harmonic of f 2  (say due to  l ig h t  
p ropagating  in the su b s tra te  a t the u n sh ifted  frequency ) a 
constant error term w ill be present. Due to the small magnitude 
of the  num erator of the f i r s t  expression  on the r ig h t  hand side  
of 7.9, we req u ire  A to  be extrem ely sm a ll, ie  sidebands and 
unshifted components must be well suppressed.
7.2.5 E ffect o f imperfect mode selection
To in v e s tig a te  the e f fe c t  of im p erfec t mode se le c tio n  via  
the p o la r i s e r s ,  we consider the model shown in f ig u re  3. F ield  
am plitudes A and B, where B<<A, a re  p re sen t a t  the unsh ifted  
frequency f^ , while amplitudes C and D where D»C are present a t 
the sh if te d  frequency f 2 » A and B are  a ligned  along one of the 
axes of the b iréfringen t fibre with mode index n^, while C and D 
are associated with the orthogonal modes and mode index n2 » Thus 
the f ie ld  associated with n^ is
2.TT , L
Enon^ - A e  T 7.10
D e " " " " - ' -
Where we have set A4B=1 and C-HD=1. I f  the analysing polariser is  
orientated at 45^ to the fibre axes, the detected in tensity  I is
I 7.12
With some algebraic manipulation, th is  becomes 
I . 0 C ^ Ck I -  A
+ a 6 ' A U os> 2 tvI
4  u . n ,  7 , 1 3
Znl U^A,  - ^ , 0
4 ITT I (
I f  the p o la r is e r  were p e rfe c t, th is  would become c o s2 n l(f2 n i-
f^n2 ) as expected. The term containing (1-A) (1-D) w ill be small. 
The e f f e c t  of the  (l-A)D and s im ila r term s w il l  in  general be
221
p .
t o
o W
LU
5  £p
g  fe
ûE a
LU O  
CL 1/1
LU00
k- yw  c r  
ou I—
LL_ LU 
OL Z  LU
Œ
5  2
g i
O
LU
Q  z
LU 
00 00 
o
o
o
21
CLs
00cr
LUooo  . m uj cr 
00 <
g d  £
222
corrupting, but is  d i f f ic u l t  to calcu late , depending both on the 
e x tin c tio n  r a t io  o f both po lar i s e r s  and on the  r e la t iv e  phase 
delay associated with the two modes.
Suppose one polariser were perfect, ie A=l, we may consider 
the e ffec t on the extinction ra tio  of the one remaining imperfect 
polariser. The in tensity  is  proportional to I where:
X©C V- îi  «V
+  ’b C o 6 ^ T \ l Ù r h . -V ! : ) ( )  -
Allowing the worst case of the trigonometrical arguments gives
X  «< \ -  Î )  + - ( \ -  ^  7,15
This represents a deviation from the true value, the l a t t e r  being 
given by
1 = 2 -the maximum value of the argument.
thus the f ra c t io n a l  e rro r i s  (2D -2)/2 . Since we may a t  b e s t 
de tect an in tensity  change of 10”  ^ using PC detection techniques 
(re f  10), the to le ra b le  value for D is  1-10“ ^, or a power 
extinction ra tio  of 60dB is  required. Ih is ra tio  must be defined 
with integrated optical components and m aintained upon launching 
in to  the fibre. I t  is  to be emphasised that th is  is  a worst case: 
however, a well-engineered system should be accurate a t  any value 
of the re la tive  phase delay.
7.3 Integrated op tical implementations: the need for se lec tion  of 
both TE-like and TM-like modes
In previous chap ters  methods have been d iscussed  fo r the 
selection of TE-like modes of titanium -indiffused waveguides by 
the  use of d ie le c tr ic -m e ta l  overlays, and both TE and TM modes 
u s in g  p ro to n  exchanged waveguide s e c t io n s  in  v a r io u s  
configurations. I t  is  also known that the mounting of a su itab le  
b iréfringent c rysta l on the waveguide surface may couple a given 
mode out of the guide. This method is  however su b je c t to
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mechanical in s ta b il it ie s , and would certa in ly  not be an economic 
so lu tion  in a production eivironm ait. However, in processing the 
signal from the single fibre  polarim etrie sensor described above 
i t  w ill  be necessary to define both modes on the same substra te . 
This may readily  be accomplished by use of internal and external 
m odification of titanium -indiffused waveguides in lithium  niobate 
using proton exchange techniques as described in  ch ap te r 2. 
However, such arrangem ents may no t be su ita b le  due to poor 
coupling  e ff ic ie n c y  between the two se c tio n s , and th e  c a re fu l  
alignment required. The poor extinction ra tio s obtained for such 
d ev ices to  date preclude th e ir  inco rpora tion  in to  the  system  
under consideration.
The selection of TM modes may also be desirable for systems 
incorporatir^ phase modulators using Z-cut LiNbO^  since the r^^ 
e le c tro o p t ic  c o e f f ic ie n t  a sso c ia ted  with the TM modes i s  
s ig n ifican tly  larger than a ll  other elements of the matrix.
I f  titanium -indiffused waveguides are to be used throughout, 
the most premising mode selection technique would appear to be 
the use of d ie lec tric  and metal overlays as described in chapter 
4 where ex tin c tio n  r a t io s  higher than the r e q u is i te  60dB have 
been determined for individual devices. In th is case the TM lik e  
modes were selectively  absorbed by coupling to the lossy surface 
plasm a wave excited  a t a d ie le c t r  ic -m eta l boundary. Using the 
same technique, the TE modes with respect to the c ry sta l surface 
could be absorbed in the ap p ro p ria te  buffer lay e rs  and m eta ls  
were to  be deposited  normal to the surface. This i s  l ik e ly  to 
re q u ire  more complex fa b r ic a tio n  techniques as the su rface  is  
normally inaccessible.
7.4 Edge polishing techniques
The most obvious method of accessing the waveguide normal to 
the  c ry s ta l  surface would be to p o lish  the edge o f the sample 
u n til  one had cut into the waveguide. The ^ r o p r i a te  buffer and 
m etal overlays could then be evaporated to y ie ld  p r e f e r e n t ia l  
ab so rp tio n  of TE modes. The arrangem ent is  shown in f ig u re  4. 
Since the indiffused waveguide is  extremely narrow, perhaps a few
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WAVEGUIDE SUBSTRATE
FIG 4 (a) EDGE POLISHED POLARISER USING VERTICAL 
DIELECTRIC BUFFER LAYER AND METAL OVERLAY 
(BEND RADIUS GREATLY EXAGGERATED)
FIG 4 (b):  DEFECTS ENCOUNTERED IN POLISHING OF 
WAVEGUIDE/SUBSTRATE BOUNDARY : (i) GUIDE TOO FAR 
FROM EDGE (ii)POLISHING NON-TANGENTIAL TO GUIDE 
(iii) MILD AND (iv) SEVERE OVER POLISHING
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m ic ro n s  in  w id th  fo r  a s in g le  mode g u ide  a t  1.3 m icron  
w avelength, i t  would be e s s e n t ia l  to p o lish  p a ra l le l  to  a 
s tra ig h t waveguide to avoid cutting through i t ,  as illu s tra te d  in 
f ig u re  4. The requirem ents are made le s s  c r i t i c a l  by the use o f 
curved waveguides, fo r any p o lish in g  angle w ith resp ec t to the 
sample edge (within reasonable lim its) , the waveguide edge w ill 
be cut a t a tangent. To control the extent to which the polished 
edge c u ts  in to  the ind iffused  waveguide, i t  w il l  be necessary  
e ith e r to monitor the polishing process, or to determine exactly 
the ra te  of removal of m aterial. For a waveguide of 4pi width, i t  
w ill be necessary to control the edge position as accurately as 
possible
7.4.1 Effect o f variation of guide thickness on extinction ratio  
and insertion lo ss
An e s tim a te  of the v a r ia tio n  in e x tin c tio n  r a t io  w ith 
waveguide thickness may be dDtained using the computer model for 
the four-layer slab guide descibed in chapter 3. Ihe program was 
run using the following param eters- (for a f u l l  d e sc rip tio n  o f 
the program, the reader should refer to chapter 3)
Metal- aluminium (Weavers Data)
Buffer thickness- 0.0 to 0.2 microns
Crystal Cut- X-cut Y-propagating
Wavelength- 1.3 microns
The r e s u l t s  o f the  c a lcu la tio n  are shown in fig u res  5 ,6 ,and 7, 
where the a tte n u a tio n  for TE and TM modes i s  shown, along w ith 
the e ffec tive  index.
For IE modes, decreasing the guide thickness has the e ffec t 
o f in c reas in g  the a tte n u a tio n , while the same decrease in 
a tte n u a tio n  w ith  increasing  buffer thickness is  observed. Ih is  
would be expected from consideration of the d istribu tion  of the 
e le c tr ic  f ie ld  re la tiv e  to the metal: surface plasmon effects are
irre levan t for TE modes.
The TM modes show, w ith decreasing  guide th ickness, an
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in c re ase  in a tten u a tio n  for a l l  b u ffer th icknesses above th a t  
corresponding to the maximum a tte n u a tio n , w hile fo r b u ffe r 
th ic k n e sse s  below th is  c r i t i c a l  va lue , the e f f e c t  i s  reversed . 
The e ffec tive  index in a l l  cases decreases with decreasing guide 
th ic k n ess . The q u a li ta t iv e  tren d s in each case have been 
described in chapter 4.
I t  i s  seen th a t fo r rep ea tab le  r e s u l ts ,  and in order to be 
ab le  to in v es tig a te  the e f f e c t  o f d if f e r e n t  b u ffer and m etal 
th ic k n e sse s , the polished  waveguide th ickness must be c lo s e ly  
contro lled .
7.5. Fabrication of edge-polished waveguides
In order to avoid la rg e  bend lo s s  (re fs  14,15 ) , the  ra d iu s  
of the  waveguides used was chosen to be between 2cm and 4cm. A 
dark f ie ld  chrome mask was therefore cut to these dimensions with 
waveguide widths of ^m  for the larger rad ii, increasing to ^m  
fo r the sm aller r a d i i .  The fa b r ic a tio n  of the in d iffu se d  
waveguides then proceded as described in chapter 2, a standard Z- 
c u t su b s tra te  being used. A fter fa b r ic a tio n , the sample was 
p o l is h e d  in the norm al way to  le a v e  ends a p p ro x im a te ly
perpendicular to the waveguide. The samples were then remounted
on the  po lish ing  rig  in order to p o lish  ta n g e n tia lly  to  the 
waveguides.
The po lish  used was Syton W15. I t  was discovered th a t  the 
p o lish in g  ra te  was not rep ea tab le  to a s u f f ic ie n t ly  high 
accuracy, th is  depending on the previous history of the polishing
bed, and the length of time for which the sample had been
polished in a non-linear way. I t  was therefore decided to monitor 
the polish irg  process a t frequent in tervals. Having examined the 
sample to determ ine the amount of m a te ria l to be removed, the 
sample was polished to w ith in  approxim ately 20^m of the 
waveguide. Exam:inations were performed after successive polishing 
times of approximately 5 minutes.
7.5.1 Experimental resu lts
Riotographs of the resulting samples are shown in figures 8
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and 9. I t  w i l l  be seen th a t  in  no case could the d e s ire d  
s tru c tu re  be obtained. Two classes of defects are seen;
(1) The p o lish ed  edge i s  e ith e r  too fa r away from, or too fa r  
in to , the waveguide.
(2) The p o lish in g  has taken place a t  too s teep  an angle and the 
waveguide has been cut as a resu lt.
The second class of defect is  a re su lt of poor alignment of 
the waveguide with respect to the crysta l surface. This could be 
re c tif ie d  by the use of a mask with alignment marks p a ra lle l to 
the tangents to the waveguides as shown in figure 10. However, i t  
i s  to  be noted th a t no prov ision  for f in e  alignm ent i s  provided 
on most p o lish in g  r ig s , and the utm ost care would th e re fo re  be 
req u ired  when mounting the sample. The f i r s t  c la s s  however 
represent a more serious lim ita tion  of the technique. Using even 
a r e l a t i v e ly  fin e  p o lish , i t  was not p o ss ib le  to c o n tro l the 
polishing ra te  to the required accuracy. In addition, the a b il i ty  
to  re p e a t the alignm ent to the same p o s itio n  is  q u estio n ab le , 
thus making i t  d if f ic u lt  to investigate the variations in device 
performance with differing buffer and metal parameters.
Due to the lim ita tions described above, i t  was not possible 
to  fab rica te  a polariser using th is  technique.
7.5.2 C onclusions
W hile the edge po lish ing  technique would y ie ld  a h igh ly  
polished surface normal to the crystal plane, the process is  not 
s u f f ic ie n tly  contrôlable to enable polar ise rs  to be constructed. 
In addition , the inab ility  to repeat the alignment would make i t  
d i f f ic u l t  to optimise the devices with r e s p e c t  to  fabricational 
parameters. Further work may however yield improved re su lts ; the 
polishing process was orig inally  developed for a p p l i c a t i o n s  v^ere 
f in e  c o n tro l o f the amount of m ate ria l removed i s  not requ ired  
(eg. fo r e id -f ire  coupling).
A method involving reversal of the polishing and waveguide 
fabricaticxi processes, ie. a l ig n in g  the waveguide to a p r e v i o u s l y  
polished edge, was considered. Itow ever , t h e  in d u ced  r o u g h n e ss  due 
to o u td if fu s io n  (ref 19) would have n e c e s s i t a te d  f u r th e r
F I G  8  NON-TANGENTIAL P O L I S H I N G  OF EDGE 
P O L A R I S E  RS
(C) fei
( i l
>
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FIG 10 ALIGNMENT MARKS TO AID FAB­
RICATION OF EDGE POLISHED TM POLARISER
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p o lis h in g , which would be d i f f i c u l t  to c o n tro l as described  
p rev io u s ly . In add ition , the  edges are  h ig h ly  su sc e p tib le  to  
mechanical damage during the waveguide fab rication  process. Ih is  
method was therefore not investigated experimentally.
7.6 Fabrication of vertical surface by ion m illing.
The edge po lish ing  technique to be described in 
chapter 7 would l im i t  the number of waveguides
which can be trea ted  in th is  way to  2 per su b s tra te . A more 
v e r s a t i l e  technique is  th e re fo re  req u ire d . I f  a v e r t ic a l  w all 
could be c u t  in to  the s u b s tra te ,  the  b u ffe r  lay e r and m etal 
o verlays could be evaporated ad jacen t to the waveguide using 
s e le c t iv e  masking. The arrangem ent i s  shown in f ig u re  11. The 
q u a l i t y  o f  th e  su rfa c e  i s  now d e te rm in e d  by th e  groove 
fabrication  process, rather than by polishing.
The fabrication  processes for ion m illing  (ref 16,17,18) of 
grooves in  lith iu m  niobate w il l  be d esc rib ed  in  chap ter 7 in 
connection with fibre-waveguide coupling. The requirements here 
are however s l ig h t ly  d i f f e r e n t .  The w a ll, in  ad d itio n  to  being 
v e r t i c a l ,  must now be smooth. The q u a l i ty  o f the bottom of the  
groove i s  no longer c r i t i c a l ,  and the w idth need not be so w ell 
de fined . Indeed, for the su c essfu l ev ap o ra tio n  of the b u ffe r 
layers on the exposed v e rtica l surface, the groove should be much 
wider than th a t required for coupling alignment.
7.6.1 Groove fabrication
A groove of depth 10+0.5pm w ith  w idth 50pm and leng th  4mm 
was fabricated in Z-cut lithium  niobate. The process parameters 
were e x a c tly  as described in chap ter 6. The p h o to lith o g rap h ic  
mask used was cut using standard techniques (see chapter 2). The 
re s u l tin g  grooves were examined w ith  a scanning e le c tro n  
microscope to investigate the wall quality . A typical f4x)tograph 
i s  shown in r e f  26. I t  w il l  be noted th a t  the corner is  not 
exactly rectangular, some rounding du ring  m illin g  being noted. 
This is  due to s lig h tly  non-directional etching of the polyimide 
mask.
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7.6.2 Waveguide fabrication
The waveguides were fab rica ted  using a dark f i e ld  chrome 
p h o to lith o g rap h ic  mask w ith s tr ip e  width 4jum. The sample was 
cleaned, in i t i a l ly  by ultrasonic ag ita tion  in trich loroethylene, 
and then acetone and methanol as described  in  c h ap te r 2. I t  was 
not necessa ry  to  use su lphuric  peroxide a t  th i s  s tag e  as the 
sample had been de-greased prior to the ion-m illing process. The 
sample was then coated in p h o to re s is t which was then d ried  and 
cured. The waveguide was defined as shown in f ig u re  11 using a 
mask a lig n e r  (note 1). Exposure and development proceded as 
usual, with the subsequent evaporation of 87nm of titanium . This 
was d iffu sed  in to  the su b s tra te  as described  in chap ter 2 a t  
lOOO^C fo r 9.5 hours (including 1 hour l in e a r  in c rease  from 
ambient conditions to working temperature) in flowing wet argon 
followed by cooling in flowing wet cxygen.
C onsiderable d i f f i c u l ty  was encountered in a lig n in g  the 
waveguide to the groove edge: in the case of im perfect alignment 
the r e s i s t  was removed w ith acetone and the jAotolithogragiiic 
process repeated, s ta rtin g  with the cleaning process.
7.6.4 Buffer and overlay fabrication
Since only a s p e c if ic  area of the s u b s tra te  normal to  the 
p o lished  c ry s ta l  su rface  is  to be coated w ith  the re le v an t 
m ateria ls , the evaporation techniques fo r th i s  d ev ice  requ ired  
m odification.
Ihe groove area was masked using standard photolithographic 
techniques, to leave the groove area "clear". This is  i llu s tra te d  
in f ig u re  11. The SiO buffer layer was evaporated as fo r the 
h o r iz o n ta lly  o r ie n ta te d  d e v ic e , th e  p ro c e s s e s  used being  
described  in chap ter 4. To deposit m a te r ia l in the d e s ired  area 
i t  was necessary  to t i l t  the s u b s tra te . I t  was th e re fo re  
necessary to evaporate a larger amount of d ie le c tr ic  so that the 
r e s u l t i n g  f i lm  th ic k n e s s  would be th e  same as  fo r  th e  
corresponding horizontal device. Monitoring of the thickness was 
accomplished by t i l t i n g  the head of the  c ry s ta l  m onitor a t  a
corresponding angle . The aluminium was d e p o site d  as d esc rib ed  
previously, yielding a to ta l  thickness of lum. Due to the lim ited  
c ap a c ity  of the ev ap o ra tio n  sources, i t  was evapora ted  in two 
stag es . The ev ap o ra tio n  chamber was however kept under high 
vacuum ( 10”^ mmHg ) throughout the experiment.
The unwanted areas of buffer and metal were removed by l i f t ­
o ff as shown in figure 11. I t  was found necessary to  subject the 
sample to u l tr a s o n ic  a g i ta t io n  to remove th e  m a te r ia l .  At th i s  
stage a large number of samples exhibited mechanical defec ts : the 
most common fa u lt  being d is in teg ra tio n  of the v e r t ic a l  aluminium 
layer. The one surviving sample had a buffer thickness of 25j\3nm, 
where the error arose mainly from inaccuracies in aligning the 
c ry s ta l monitor head.
7.6.4. T ésting
The end faces o f the  sample normal to  the waveguide were 
polished for end f i r e  excita tion  of the waveguides as described 
in  chap ter 2. The te s t in g  of the dev ice  fo llow ed method ( i i)  
descibed in ch ap ter 2, ie . l in e a r  p o la r is e ra  were used a t  inpu t 
and output ports and the four elements of the Jones m atrix were 
determ ined. Due to a v a i la b l i ty  of so u rces , th e  dev ice  was 
operated  a t  1.15 m icron w avelength, using a helium -neon la s e r .  
The waveguide opera ted  w ith  a s in g le  mode fo r  both TE and TM 
plane wave excita tion .
7.6.5 O bervations
I t  was noted th a t the output from the device showed a large 
amount of l ig h t in the substra te . Spatial f i l te r in g  was thus used 
to avoid corrupting the measurements. C ross-polarised components 
were c le a r ly  v i s ib le ,  even w ithout in c re a s in g  th e  g a in  of the 
Hamamatsu camera system, again indicating poor performance.
7.6.6 R esu lts
The e x tin c t io n  r a t io  o f the device was 17+4 dB as  repo rted  
in re fe ren ce  17. The excess lo ss  when compared to  a tita n iu m  
in d iffu sed  waveguide was 7+3dB. The re la tiv e  magnitudes of the
cross-polarised components were high, being only about 18dB below 
the power tra n sm itte d  in the p re fe rre d  mode. However, d e s p i te  
these poor re su lts , the device transm itted the desired TM-like 
mode with respect to the c ry s ta l surface.
7.7. D iscussion
A system has been proposed for closed-loop operation of the 
single fibre po larim etrie  sensor using d if fe re n t ia l  frequencies 
in  the two orthogonal eigenmodes. While bulk  or f ib r e - o p t ic  
implementations are possib le , an integrated o p tic a l version was 
in v e s tig a te d . The dependence of the system perform ance on 
component specifica tion  was analysed.
While in te g ra te d  o p t ic a l  frequency s h i f t e r s  have no t been 
dem onstrated w ith  the  req u ire d  h igh-frequency  l i m i t ,  S ta l la rd  
( re f  8) has p red ic te d  th a t  such dev ices a re  f e a s ib le .  Provided 
the  r e la t iv e  m agnitude o f the  sp e c tra l  frequency  components 
remains stab le , the non-monochromaticity is  acceptable.
The proposed system  would not be s u i ta b le  fo r use in a 
remote sensing environment as would be the case for c e rta in  other 
signal processing app lica tions (ref 4).
Integrated op tical po larise ra  to be used in th is  system must 
have a e x tin c tio n  r a t io  of 60dB or g re a te r  to  ensure accuracy  
over the e n t i r e  o p e ra tin g  range of measurand. This has been 
accomplished for the IE -like  modes, but attem pts to fab rica te  IM- 
l ik e  p o la r is e r s  w ith  the  req u ired  high e x t in c t io n  r a t i o  have 
f a i le d . Devices fa b r ic a te d  on s im ila r  p r in c ip le s  to  those  
reported in chapter 4 but using a v e rtic a l, ion-m illed w all, have 
been fabricated. Although th e i r  abso lu te  perform ance was poor, 
the desired TM-like mode was transm itted. The ex tinc tion  ra tio  
has been found to  be 17+4dB bu t w ith an excess lo s s  o f 7+3dB. 
Improvements in  both param eters  are needed to r e a l i s e  the 
p o ten tia lly  high performance of the proposed device.
The l im it in g  fa c to r  in fa b r ic a tio n  would appear to  be the 
waveguide roughness. This a rises  from the polyimide masking layer 
used during the ion-m illing process. Direct w riting  of the edge 
may be p o ss ib le  using electron-beam i lith o g ra p h y  (re f  20).
However, an u ltim a te  l i m i t  o f the  p o la r is in g  a b i l i t y  o f t h i s  
device may arise  from the abrupt re frac tiv e  index changes a t  the 
waveguide-air boundary. These were not present for the horizontal 
d ev ice , where the  guide was surrounded alm ost un ifo rm ly  by 
m a te r ia l  of app rox im ate ly  equal r e f r a c t iv e  index. Thus the  
weakly-guiding approximation may no longer hold (ref 21 ) and the 
modes a re  not w ell rep re sen ted  by l in e a r  p o la r i s a t io n s .  The 
experimental re su lts  are however not su ff ic ie n t to favour e ith e r  
o f these  th e o r ie s . F u rther work i s  necessary  to  d is c r im in a te  
between the two. M odelling o f th e  device would re q u ire  a f u l l  
analysis using a f in i te  elements program (ref 22): th is  would be 
demanding both in term s o f computer tim e and s to ra g e  space. In 
a d d it io n , the v a r ia t io n  of the  o p t ic a l  p ro p e r t ie s  o f the  m etal 
la y e rs  w ith d e p o s itio n  c o n d itio n s  would render th e  r e s u l t s  
inaccurate .
The edge polishing technique could possibly be developed to 
y ield  a useful device. However, the problems of rep e a ta b lity  and 
the  f a c t  th a t only  two waveguides t re a te d  in t h i s  way could be 
used per su b s tra te  would in d ic a te  th a t  the v e r t i c a l  m ille d  
p o la rise r has more p o ten tia l. Using the la t te r  method, an almost 
unlim ited number of waveguides could be used. The l ig h t  in i t i a l l y  
p re s e n t  in the unwanted mode is  absorbed, and th e re fo re  no t 
p re se n t in the s u b s tra te  to  re -co u p le  in to  the same, or o th e r ,  
waveguides. This i s  no t the s i tu a t io n  w ith pro ton  exchanged or 
b ire fr irg en t overlay p o la rise rs .
A further incentive for the development of TM polar is e rs  is  
given by the high e ffic iency  of Z-Cut Ti:LiNbOg modulators using 
TM-like modes.
The proposed detection  scheme may also be implemented using 
f ib r e ,  ra th e r than  in te g r a t e d  o p t i c a l  b e a m s p l i t t e r s  and 
combiners, tteing p o la risa tio n  maintaining fib re  and appropriate 
tw is ts , two lin e a rly  polarised s ta te s  with d iffe rin g  frequencies 
could be established. P o larisa tion  preserving couplers using the 
fused taper technique (ref 23 ) have been demonstrated (ref 24), 
and would elim inate problems of po larisa tion  re-conversion found 
in the integrated o p tica l version. A lternatively , the frequency
2 4 0
sh if tin g  could be performed by in tegrated  op tical devices, w hile 
the  p o la r is a t io n  d e f in i t io n  perform ed w ith in  the f ib r e s .  A ll­
f ib re  polar ise rs  with high ex tinc tion  ra t io s  have been reported 
in  the  l i t e r a t u r e  (re f  25 ).
N ote The fa b r ic a tio n  s te p s  invo lv ing  the use of a mask a lig n e r  
were performed at Barr and Stroud Ltd
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Chapter 8 - D iscu ssion , Conclusions and Suggestions for Future 
Work
8.1 Introduction
The main re su lts  and achievemeits presented in the preceding 
chapters w ill now be summarised and discussed. The importance of 
the work presented w ill be examined, and suggestions for further 
work made on the basis of th is  examination.
8.2 Sensor Systems and Performance Requirements for Components 
for use with Fibre C ^ ic  Sensors
A v a r ie ty  of f ib r e  o p tic  sensor system s rep o rte d  in the 
l i t e r a t u r e  were examined. S ingle mode se n so rs , in  the  Mach- 
Zehnder c o n f ig u r a t io n  were found to  be s u i ta b le  fo r the 
measurement of a wide range of measurands, although m odification 
of the fib re  may be necessary for some app lica tions. The sensor 
was shown to have poor c ro ss-sen sitiv ity . I t  was also shown th a t 
in  order to  r e a l i s e  the  th e o r e t ic a l ly  h igh  s e n s i t i v i t y  of the 
sy s te m , one o f th e  eigenm odes in  each  o f  th e  two f ib r e  
interferom eter arms must be selected with an ex tinc tion  ra tio  of 
60dB. This implied mod e-selection  with high ex tinc tion  ra tio  and 
high b ire f r in g e n c e  f ib r e  to m inim ise subsequent p o la r is a t io n  
cross-coupling.
The o p t ic a l  f ib r e  gyroscope in i t s  s in g le -p a s s  form was 
shown to be a simple extension of the Mach-Zehnder arrangement. 
However, the non-reciprocal Sagnac phase s h if t  is  of such small 
magnitude th a t the requirements on o p tica l components are even 
more s trin g en t than for the Mach-Zehnder and other f ib re  sensors. 
I t  was shown th a t  mode se le c tio n  w ith  e x tin c t io n  r a t i o s  of a t  
le a s t 60dB were required for a short-term  device, with a figure 
of 90dB being required for a device with in e r t ia l  s ta b i l i ty .
Requirem ents of any coupler p resen t between two waveguide 
se c tio n s  in th e  gyroscope were examined fo r th e  case of 
asym m etric p o s it io n in g  of the coup ler. Im p erfec t coupling  was 
shown to  lead  to  a r o ta t io n  ra te  o f f s e t ,  w hile  v a r ia t io n  in the 
coupling e f f ic ie n c y  was shown to lead  to  no ise  in the  s ig n a l. 
Thus any coupler present must be capable of repeatable, low-loss 
alignm ait with high mechanical s ta b il i ty .
The s in g le - f ib r e  p o la r im e tr ic  sensor was a lso  d e sc rib e d , 
together with the various detection and signal processing schemes
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repo rted  to  d a te . These g e n e ra lly  had th e  d isad v an tag e  of 
periodic (and hence ambiguous) output with changing measurand, or 
r e s t r i c t i o n s  on sensor s iz e  or o ther param eter. A novel system  
was proposed whereby the  sensor was opera ted  in a c lo se d -lo o p  
c o n fig u ra tio n . This new arrangem ent req u ire d  th e  frequency 
s h if t in g  of one of the  two othogonal eigenmodes o f the  f ib r e .  
This in tu rn  req u ire d  the  fa b r ic a t io n  o f mode f i l t e r s  fo r  both 
modes with ex tin c tio n  ra tio s  of 60dB, and for frequency s h if te r s  
w ith  c u to f f  freq u e n c ie s  of up to  20 Qiz depending on the  
application  of the sensor.
The sensor o ffe re d  improved c ro s s -s e n s it iv ity  compared to 
more conven tiona l f ib re  sensor system s, bu t w ith  a s l i g h t ly  
reduced s e n s it iv i ty  to any given measurand. The magnitude of th is  
reduction depended on the measurard and upon the f ib re  selected 
for the sensor. The configuration offered the p o s s ib i l t iy  of an 
e ssen tia lly  d ig ita l  readout, with high dynamic range, the l a t t e r  
being determ ined by the  maximum frequency t r a n s la t io n  of the 
frequency s h i f t e r .
The r e q u ir e m e n ts  o f th e  f re q u e n c y  s h i f t e r  f o r  t h i s  
a p p lic a tio n  were analysed . The r e s u l ts  a lso  apply  to  phase- 
n u llin g  d e te c tio n  techn iques used fo r the f ib r e  o p t ic  gyro. I t  
was found th a t components a t undesired frequencies resu lted  in 
e i th e r  c o rru p tio n  of the r e s u l ts  (an e f f e c t  which could be 
calib rated  out), or a constant error term depending on the o rig in  
of the e ffe c t. I t  was concluded that components a t the unshifted 
frequency are to be p a rticu la rly  avoided. The mod e - f i l t e r s  were 
required to have an ex tinction  ra tio  of a t le a s t  60dB, th is  being 
derived from a "worst case" consideration.
8.3 Integrated C ptical Polar ise rs
The d e s ig n  o f in te g r a te d  o p t i c a l  p o l a r i s e r a  u s in g  
d ie lec tric /m e ta l claddings was investigated. I t  was shown th a t no 
s a t is f a c to r y  model fo r s t r ip e  guide dev ices e x is t s  a t  p re se n t. 
O p t i m i s a t io n  o f  d e v ic e s  f a b r i c a t e d  w i th  s i l i c o n  
monoxide/aluminium overlays proceded on an experimental basis, 
approximate values for the various parameters being taken from 
the slab model described. Following fabrication  of a large  number 
of devices, ex tinction  ra tio s  as high as 80;^13dB were obtained. 
This re p re se n ts  a s ig n i f ic a n t  improvement upon any device
reported in the l i te ra tu re , and would be su itab le  for inclusion 
in  in te g ra te d  o p tic a l  system s to  in te r f a c e  w ith  o p t ic a l  f ib r e  
se n so rs . A second peak in the  graph o f a t te n u a t io n  vs. b u f fe r  
thickness was observed a t a buffer thickness approximately double 
th a t  o f the  f i r s t  peak. This i s  b e liev ed  to  be due to  the  f i n i t e  
thickness of the aluminium film s used and ex c ita tio n  of a second 
su rfa ce  plasm a wave a t the a i r /m e ta l  boundary. Further work i s  
necessary to resolve the problem. The TE- lik e  modes were shown to 
have unperturbed mode p ro file s  compared to the unclad case.
The devices were tested using lin e a r ly  polarised input and 
recording the output for orthogonal inputs. This method was used 
as the bulk op tica l polar ise rs  used had in su ffic ie n t ex tinc tion  
r a t io .  As th ese  were the b e s t d ev ices  a v a i la b le  a t  the  tim e  o f 
p u rch ase , no so lu tio n  to the problem i s  a t  p re se n t a v a i la b le .  
Testing using op tica l fib res yielded comparable re su lts  but with 
h igher e r r o r s .  Further developm ent o f a method of te s t in g  the 
e x t in c t io n  r a t i o  of the dev ices when in te r fa c e d  w ith  o p t ic a l  
f ib re s  is  regarded as essen tia l.
I t  i s  suggested th a t  waveguide a rra y s  w ith  d i f f e r e n t  
d i e l e c t r i c /m e ta l  overlays could be used in  w avelength de­
m ultip lexing, and further investigation  is  recommended.
A f u l l  discussion of possible methods of tes tin g  in tegrated  
o p tica l p o la rise ra  has been given in term s of the Jones m atrices 
for the system.
I n t e g r a te d  o p t ic a l  p o la r  i s e r s  using pro ton  exchanged 
sections were investigated. I t  was postu lated  th a t v a ria tio n  of 
waveguide param eters would a f f e c t  the  e x tin c t io n  r a t i o ,  and 
experiments were performed to v e rify  th is . However, no trend was 
observed for e ither the ex tinction  ra t io  or the excess lo ss. This 
was a t t r ib u te d  to poor waveguide end -face  q u a li ty . In most 
in tegrated  op tical waveguides th is  is  not im portant: e ith e r prism 
(or o th e r tran sv e rse ) coupling or p o lish in g  o f the end face  fo r  
end f i r e  e x c i ta t io n  being used. I t  i s  th e re fo re  suggested th a t  
fu rther work be undertaken to solve the problem. The ex tinc tion  
ra t io s  of approximately 20dB and the high associated excess lo ss 
make such p o la r is e r s  a t p re se n t u n su ita b le  for in c lu s io n  in  
in tegrated op tical systems.
I t  was a lso  p o s tu la ted  th a t  the  poor e x tin c tio n  r a t i o s
ob ta ined  w ith the dev ices were a r e s u l t  o f the unwanted mode 
continuing to propagate in the su b s tra te , and a new geometry was 
proposed using U-shaped bends in the proton-exchanged waveguide. 
Due to  th e  re a so n s  s t a t e d  above i t  was n o t p o s s ib l e  to  
in v e s tig a te  the perform ance o f th e  d ev ice , and fu r th e r  work in  
t h i s  d ire c tio n  w il l  be re q u ire d . These hybrid p o la r i s e r s  a re  
how ever f a r  more c o m p lic a te d  to  f a b r i c a t e  th a n  th e  
d ie lec tr ic /m e ta l clad devices.
8.4 Integrated O ptical Processing System for S in g le  Fibre 
Polar imetric Sensor
An in te g ra te d  o p t ic a l  im plem enta tion  of the  c lo sed  loop 
s in g le  f ib re  po lar im e tr ic  sensor was proposed. For op tim al 
operation, the system re lied  on the fabrication  of components to 
se lec t TE and TM like  modes on the same substrate with ex tinc tion  
r a t i o s  exceeding 60dB. TE- l ik e  mode f i l t e r s  w ith the  r e q u is i te  
perform ance were rep o rted . Proton exchange tech n iq u es , w hile  
y ie ld in g  the c o rre c t  mode s e le c t io n  were not found to  have 
su ff ic ie n tly  high ex tinction  ra tio s . Two methods were therefo re  
investigated to se lec t IM -like modes with respect to the c ry s ta l 
surface. Both re lied  on the fab rica tio n  of v e rtic a l surfaces on 
the c ry s ta l. Polishing of the c ry s ta l edge was investigated , but 
was found to be time consuming. In addition, the process was not 
s u f f i c i e n t l y  c o n t r o l l a b l e  fo r  the fa b r ic a t io n  of TM -like 
p o la r is e r s .  In f a c t ,  i t  was not p o ss ib le  using t h i s  method to  
f a b r ic a te  a p o la r is e r .  F u rther work on th is  method is  no t 
recommended. Ion m illing was also investigated  as a technique for 
the  f a b r ic a t io n  of the v e r t i c a l  su rfa c e . Although rough w all 
qua lity  was believed to l im it  the p o larise r performance, a device 
was dem onstrated to s e le c t  TM l ik e  modes with re s p e c t  to  the 
c ry s ta l  su rface . Further work i s  recommended to  improve the  
ex tinction  ra tio  and excess loss of 17+4 and 7+3 dB respectively . 
Throughout the experiments on in tegrated  optical p o la rise rs , the 
need to express the re su lts  in an unsealed form was emphasised.
The use of b i r é f r in g e n t  c r y s ta l  c ladd ings fo r the  mode 
s e le c t io n  is  not recommended as p o lish in g  of both c ry s ta l  
su rfa c e s  i s  requ ired . A com parison o f a v a ila b le  techn iques fo r 
mode selection  is presented in tab le  1.
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CRYSTAL CUT Z X X Y Y
PROPAGATION X / Y Y z X Z
METHOD
RE. - INTERNAL TM TE (=) TE ( = )
RE.-EXTERNAL TE TM " = TM =
METAL WITH LOW 
INDEX BUFFER TM TM TM TM TM
METAL (TM) (TM) (TM) (TM) (TM)
BIREFRINGENT
CRYSTAL
TE
TM
TE
TM
TE
TM
TE
TM
TE
TM
ION-MILLING 
(VERTIÇALI TE TE TE TE TE
KEY : =N0  PREFERENCE ( ) INHERENTLY LOSSY
PE, PROTON EXCHANGE
TABLE 1 PREFERENTIAL SELECTION OF T E -  OR T M -  
LIKE MODES OF TITANIUM INDIFFUSED WAVEGUIDES IN 
VARIOUS ORIENTATIONS OF LITHIUM NIOBATE USING A 
SELECTION OF CONTROL METHODS.
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8.5 Fibre/ffaveguide ocxjpling and f ie ld  overlap calculations
A coup ler to t r a n s fe r  energy  from o p tic a l  f ib r e s  to  
in tegrated  op tical waveguides was demonstrated. The device used 
ion-beam m illin g  to f a b r ic a te  a lo c a tio n  groove fo r the  f ib r e .  
I n s e r t io n  lo s se s  of 2.6dB were determ ined  fo r the  dev ice . I t  i s  
suggested th a t the use of index matching flu id  could reduce th is  
f ig u re  to  1.8dB. While th i s  f ig u re  i s  h igher than th a t  rep o rte d  
in the l i te ra tu re  for butt-coupling arrangements, the device is  
important as i t  is  su itab le  for mass production techniques. The 
e f f e c t  o f  asy m m etric  f i b r e  c o u p lin g  d i s t r i b u t i o n s  and 
mechanically unstable couplers on the  perform ance o f the  f ib r e  
optic  gyroscope was investigated . While both were found to have 
de le te rious e ffec ts  on system performance, measurements on the 
rep e a ta b ility  of the ion-m illed coupler have not been performed 
to date. Further work on th is  problem is  therefore suggested. I t  
i s  to  be noted th a t the in c lu s io n  o f any in te r fa c e  in the f ib r e  
op tic  gyro w ill have an adverse e f fe c t  on system performance, and 
a l l  f ib re  systems offer considerable advantages in th is  respect. 
High band w ith  phase and frequency m odulators have y e t to  be 
demonstrated for such systems.
One loss mechanism in the coupling arrangement is  due to the 
sp a tia l mismatch of the o p tica l f ie ld s  of the two waveguides. A 
method was reported for investiga tion  of th is  e ffe c t using data 
from re a l  waveguides. Using a d i g i t i s i n g  camera and computer 
processing i t  was possible to present contour p lo ts of the near 
f ie ld  p ro file  of any given o p tica l waveguide a t  e ith e r v is ib le  or 
in f r a - r e d  wavelengths. The d a ta  was a lso  used to e v a lu a te  the 
o v e rlap  in te g ra l  between the  two waveguides. This method was 
shown to be valid for optim isation of the coupling process, but 
in v a lid  fo r multimode gu ides and fo r waveguides w ith  s tro n g  
d is c o n t in u i t i e s .  The modal mismatch for the ion-m illed coupler 
was determ ined  to be O.SdB using t h i s  method. Further work i s  
req u ire d  to reduce th is  lo s s ,  by in v e s tig a t io n  of the e f f e c t  of 
d if fe re n t d iffusion  times, atmospheres e tc . Such a lte ra tio n s  may 
however incur increased excess lo s s ,  and th is  too should be 
investiga ted .
I t  was also ^own tha t the data recorded in the process of 
e v a lu a tin g  the overlap  c o e f f ic ie n t s  may a lso  be used fo r  o th e r
?+8
purposes. These inc lude  re c o n s tru c tio n  o f the  r e f r a c t iv e  index 
d is tr ib u tio n  w ithin the waveguide. I t  was also shown th a t noise 
in the d a ta  due p r im a r ily  to  source in te n s i ty  f lu c tu a t io n s  and 
secondly to  q u a n tis a tio n  e r ro r s  th rea ten ed  the  accuracy  o f th e  
m ethods. I t  i s  recom mended th a t  h a rd w are  and s o f tw a re  
m o d ifica tio n s  to  the  system  be implemented to  reduce th e  tim e 
taken to record the data and also to enable averaging of several 
data se ts to be performed. As such m odifications w ill  depend on 
the computer to be used, i t  is  not possible to make more specific  
recommendations a t th is  point.
8.6 Conclusion
I t  i s  recommended th a t  an in te g ra te d  o p t ic a l  p ro cess in g  
system for an o p tica l f ib re  gyroscope be implemented using the 
mode f i l t e r s  demonstrated here. Due to the in te rfaces  involved, 
i t  is unlikely th a t such a system w ill ever possess the s ta b i l i ty  
required for in e r t ia l  appplications, however an app lica tion  may 
l ie  in short-term  single use systems. The system w ill  of necessity  
be com plica ted , re q u ir in g  e le c to - o p t ic a l ly  tuned d i r e c t io n a l  
coup lers  to g e th er w ith  the  mode f i l t e r s  dem onstra ted  in  t h i s  
t h e s i s ,  th e  re m a in in g  com ponents d ep en d in g  upon th e  
im plem entation. For a phase n u llin g  system , which to  d a te  has 
shown high se n s it iv ity , a phase modulator and e ith e r  one or two 
frequency s h i f t e r s  w il l  be requ ired . The excess lo s s  o f such a 
system is  l ik e ly  to  be ex trem ely  h igh , which w i l l  a f f e c t  the 
ultim ate s e n s it iv ity  v ia  the shot-noise l im it.
I t  i s  a lso  recommended th a t  e i th e r  in te g ra te d  o p t ic a l  or 
f ib re  o p t ic a l  im plem enta tions of the  c lo se d -lo o p  d i f f e r e n t i a l  
frequency s in g le  f ib r e  p o la r im e tric  sensor be investiga ted , as 
th is  arrangement appears to offer acceptable s e n s it iv i ty  with high 
dynamic range and unambiguous output.
In co n c lu sio n , i t  i s  be lieved  th a t  th e  components and 
p ro c e s s in g  schem es d is c u s s e d  in  t h i s  th e s is  re p re s e n t  a 
s ig n i f ic a n t  advance in the  f ie ld s  of o p t ic a l  f ib r e  se n so rs  and 
integrated op tics, and w ill enable several new sensors and other 
systems to be designed and fabricated
